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Asymmetric cell division is an important process by which a cell divides to give two 
different daughter cells. This process is important in stem cells whereby a single division 
produces two cells, one of which is the stem cell itself and the other, committed or 
differentiated daughter cell. This process is highly controlled, as failure of which would 
result in depletion of stem cells or uncontrolled cell proliferation, leading to diseases like 
Parkinson’s disease or cancer. 
Asymmetric cell division is well studied in the model organism Drosophila neuroblast 
and sensory organ precursor. It is known that proteins in the apical complex such as 
atypical Protein Kinase C (aPKC), Bazooka (Baz), Partitioning Defective 6 (Par6), 
Inscuteable, Partner of Inscuteable and G-protein alpha-I subunit direct cell fate 
determinants such as Numb, Partner of Numb, Miranda, Prospero, and Brain Tumor to 
localize as a basal crescent in the cell such that they would be inherited by only one of 
the daughter cells.  However, detailed mechanism of this directing of cell fate 
determinants is largely unknown. 
Using a UAS-GAL4 system to drive expression of RNAi constructs in the central and 
peripheral nervous system, I identified clueless (clu) as one of the candidate genes that 
are involved in asymmetric cell division of the larval brain neuroblasts or sensory organ 
precursor cells. 
Clueless is expressed during the larval stages and enriched in the neuroblast. clu 
mutants display a weak but obvious phenotype of mislocalized Miranda and Numb 
crescent in a small percentage of dividing neuroblast. Deletion of clu in lethal giant 
larvae (lgl) mutants largely rescues the phenotype of mislocalized Miranda. The brain 
 vii 
 
size of clu, lgl double mutant is also considerably smaller than that of lgl mutants. 
Biochemistry data suggests that this rescue is due to down-regulation of aPKC. This 
down-regulation of aPKC is independent of transcription and translation and did not 
rescue the mislocalization of the apical aPKC crescent. 
Par6-aPKC can form a complex with either Baz or Lgl to exist in either an active or 
inactive complex. Co-immunoprecipitation of Clu showed that aPKC and Bazooka form a 
complex with Clu but not Lgl. This result suggests that Clu forms a complex with Par6-
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Chapter 1: Introduction 
Drosophila melanogaster as a model organism for study  
For more than 100 years, Drosophila melanogaster, more commonly known as the 
fruitfly, has been used extensively for scientific research fields such as genetics, 
development and even diseases. First used by Thomas Hunt Morgan in 1910 to study 
heredity genetics, Drosophila melanogaster had since been developed to be one of the 
most studied organisms with plethora of genetic tools available for researchers to work 
and manipulate the organism.  
The popularity of using Drosophila melanogaster stemmed from the fact that it has a 
very short generation time. It takes only 10 days for it to develop from an egg to a fully 
reproducing adult fly (Figure 1). The high reproduction rate and fecundity of the 
Drosophila melanogaster also make it a very useful tool for genetics analysis since they 
have the capability to produce large number of offsprings. In addition, the low 
housekeeping cost of the flies and the small space that it requires for storage are also 
major advantages, making it cheap and easy to maintain and manipulate large quantities 
of the organism.  
Drosophila melanogaster has only four chromosomes: 3 autosomal chromosomes and 1 
sex-linked chromosome. Artificial chromosomes with multiple inversions and dominant 
genetic markers and recessive lethal alleles, known as balancers, are available to 
maintain heterozygotes of lethal alleles.  The genome of the Drosophila melanogaster 
has 165 million base pairs encoding for more than 13,000 genes and it has been fully 
sequenced in year 2000. Compared to humans which has approximately 20,000 to 
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25,000 genes, 75% of genes causing known human disease have a similarity match to 
genes in the Drosophila melanogaster  (Reiter et al., 2001). This made Drosophila 
melanogaster a very good organism to study many cellular processes and diseases in the 
vertebrates.  
The popularity of using the fruitfly as a tool to study genetics encouraged the 
development of a very wide range of tools for manipulation of it. We can now mutate 
the flies using transposon based P-elements or chemicals such as ethylmethanosulfate. 
We can also use the Flippase Recognition Target (FRT) and Flippase (FLP) system 
developed from the yeast to generate a mutant clone or cluster of cells in a 
heterozygous fly (Lee and Luo, 1999). In recent years, a genome wide transgenic RNAi 
library had even been made available to researchers to carry out conditional or tissue 
specific knockdown (Dietzl et al., 2007), thereby facilitating many large scale genetics 
screens for novel candidate genes.  
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Figure 1: Image adapted from FlyMove (www. flymove.uni-muenster.de). Life cycle of 
Drosophila melanogaster.   
The egg of the Drosophila melanogaster hatches one day after fertilization and the larva takes 
about 5 days to develop before pupation. During pupation, larval tissue are destroyed and 
replaced by adult tissue. Upon completion of metamorphosis, an adult fly is hatched from the 
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Asymmetric cell division 
Asymmetric cell division is an important cellular process whereby a single cell divides via 
mitosis to two different daughter cells. While symmetric divisions give rise to two 
daughter cells that are exactly identical, asymmetric cell division generates two daughter 
cells that can be different in size, cellular or protein contents, and/ or differentiation 
potential (Chia et al., 2008; Neumüller and Knoblich, 2009).  This process is particularly 
important in stem cells where asymmetric cell division of the stem cell would produce 
two distinct daughter cells: one committed cell or differentiated cell and another which 
remained as a stem cell. This stem cell can undergo the same process to produce more 
committed or differentiated cells while it itself remained as a pluripotent cell.  
Asymmetric cell division can arise from three different modes: niche derived, external 
polarity cues and intrinsic asymmetry. Niche derived asymmetry relies on external cues. 
Initially after mitosis, both cells are similar. However, due to differences in their 
environment, only one cell would receive the signal to remain as a stem cell (Figure 2A). 
For the external polarity cues mechanism, on the other hand, the cell relies on the 
polarity of the external environment to induce asymmetric segregation of cell fate 
determinants within the cell (Figure 2B). Last but not least, cells which divide by intrinsic 
asymmetry mechanism set up its own polarity and is able to autonomously direct cell 
fate determinants to segregate asymmetrically without the need of cues from the 
external environment (Figure 2C). (Neumüller and Knoblich, 2009).  
Asymmetric cell division is a very important process and is highly controlled and 
regulated. This controlled process creates a delicate balance of self-renewal and 
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differentiation. Failure to control this process would result in developmental defects, 
degeneration or tumor formation.  
 
 
Figure 2: Image adapted from (Neumüller and Knoblich, 2009). Three different modes of 
asymmetric cell division: niche derived, external polarity cues and intrinsic asymmetry.  
 
Drosophila neuroblasts in neurogenesis 
The Drosophila melanogaster has a brain which consists of more than 100,000 neurons 
with a great diversification of the types of neurons. This brain enables the organism to 
be capable of displaying many complex behaviors such as learning and memory. To 
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generate a brain and central nervous system of this complexity, a highly regulated brain 
development is required. Drosophila neural stem cells, or neuroblasts, play a central role 
in this development. These neuroblasts undergo an orchestrated proliferation which is 
regulated both temporally and spatially to give rise to the vast number of diversified 
neurons (Doe, 2008).  There is a balance in self-renew and differentiation during the 
process and is highly linked to asymmetric cell division.  
The Drosophila neuroblasts proliferate mainly during embryogenesis and larval 
development. Neurogenesis starts at the embryonic stage of the flies. Approximately 75-
80 neuroblasts would be formed by stage 9-11 and finally, approximately 100 
neuroblasts would be formed before the end of embryogenesis. Before division, the 
neuroblast in the neuroepithelium layer would delaminate, hence inheriting the apical-
basal polarity. Each neuroblast would undergo asymmetric cell division to produce a 
neuroblast and a ganglion mother cell (GMC). The GMC would then divide once more to 
give two daughter cells that would differentiate to give neurons or glial cells. These cells 
then form the larval neurons and central nervous system (Figure 3) (Younossi-
Hartenstein et al., 1996; Matsuzaki, 2000; Urbach and Technau, 2004; Chia et al., 2008). 
The size of these neuroblasts gradually decrease upon each division and towards the 
end of embryogenesis, these neuroblasts stop dividing and enter a stage known as 
quiescence (Truman, 1990).  
During the larval stages, the neuroblasts are reactivated from quiescence and continue 
to divide (Maurange and Gould, 2005). These neuroblasts are activated between 10 to 
72 hours after hatching of the larva (Datta, 1995). They would divide asymmetrically 
while maintaining a stable population of approximately 100 neuroblasts per brain lobe 
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(Lee et al., 2006b). Unlike the embryonic neuroblasts, the larval brain neuroblasts do not 
shrink after every cell cycle as they replenish their cytoplasm after each division (Ito and 
Hotta, 1992).  
There are three types of neuroblasts in the central brain of the larval brain: Type I 
neuroblasts, Type II neuroblasts and mushroom body neuroblasts (Boone and Doe, 
2008). The Type I neuroblast, like the embryonic neuroblast, divides asymmetrically to 
give a smaller cell which is also termed as ganglion mother cell. This ganglion mother cell 
also divides once more to give two differentiated neurons. Repeated rounds of such 
division enable a single Type I neuroblast to produce typically around 100 neuronal 
progeny in its life time (Figure 4) (Bello et al., 2006; Boone and Doe, 2008; Bowman et al., 
2008).  
The Type II neuroblast, distinguished from the Type I by the lack of nuclear Asense and 
cytoplasmic Prospero, also divides asymmetrically to regenerate itself and to produce a 
smaller cell. This smaller cell, unlike the GMC formed in asymmetric division of the Type I 
neuroblasts, have the capability to divide numerous times. Termed as intermediate 
progenitors or transit amplifying cell, the smaller cell produced by asymmetric cell 
division of the Type II neuroblast can also self-renew like its parental neuroblast. It will 
undergo asymmetric cell division to regenerate itself, as well as to produce a GMC-like 
daughter cell which is committed to differentiate (Figure 4) (Bello et al., 2008; Boone 
and Doe, 2008; Bowman et al., 2008). Although these Type II neuroblasts are very low in 
number in the larval brain (typically 8), they have the potential to generate much more 
cells than the Type I neuroblast.  Studies had revealed that tumor phenotype of the 
brain caused by loss of Brain Tumor (Brat) was primarily due to uncontrolled expansion 
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of these Type II neuroblasts (Bello et al., 2006).  This clearly showed the proliferative 
powers of these neuroblasts.  
The mushroom body neuroblasts, like the Type I neuroblasts, also undergoes 
asymmetric cell division to produce itself and a committed cell. These neuroblasts, 
however, are distinguished from the Type I by the fact that they produce all the 
neuronal cells found in the mushroom body. They are also the only neuroblasts 
remaining after pupation when all the other neuroblasts disappear (Ito et al., 1997; Lee 
et al., 1999).  
 
Figure 3: Schematic diagram showing the division of embryonic neuroblasts.  
The neuroblast delaminates from the neuroepithelium layer, hence inheriting the polarity. It 
then divides asymmetrically to produce two daughter cells: itself and a ganglion mother cell 
(GMC). The GMC would divide once more to give two differentiated cells.  
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Figure 4: Schematic diagram showing Type I and Type II neuroblasts.  
The Type I neuroblast divides asymmetrically to produce itself and a GMC. This GMC will 
divide once more to give two neuronal cells. The Type II neuroblasts divide asymmetrically to 
give itself and a transit amplifying cell. This transit amplifying cell can further divide 
asymmetrically to regenerate itself as well as to produce a GMC.  
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Asymmetric cell division in neuroblast 
Asymmetric cell division in the Drosophila neuroblasts enables a single cell to divide and 
give rise to two cells with very distinct fate. Many molecular switches and machineries 
are required to facilitate this process. Asymmetric cell division in Drosophila neuroblasts 
had been studied extensively for many years and many components of the machineries 
had been identified.  Many of the key players of asymmetric cell division identified in 
embryonic neuroblasts were also found to be conserved in the larval brain neuroblasts 
(Figure 5). These key players are mainly involved in one or more of the following 
processes: setting up cell polarity, orientation of the mitotic spindle, and asymmetric 
segregation of the cell fate determinants.   
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Figure 5: Schematic diagram to summarize key players involved in asymmetric cell division of 
the neuroblast.  
Proteins in the apical complex (boxed in green) and proteins in the basal complex (boxed in 
red) are localized to opposite poles of the cell. Proteins such as Bazooka, aPKC, and Par6 sets 
up the cell polarity while proteins such as Gαi, Pins and Loco orientate the mitotic spindle. 
Together, they direct proteins such as Miranda, Prospero, Brat, PON and Numb in the basal 
complex to segregate to the smaller cell.  
 
Setting up cell polarity 
To be able to perform asymmetric cell division, the cell must first set up the apical-basal 
axis and define which side of the cell is apical, and which side is basal. For the embryonic 
neuroblast, the apical side is inherited from the neuroepithelium where it delaminates 
from and hence, the side that is closest to the neuroepithelium will be apical. Apical 
polarity of subsequent divisions is then governed by a cadherin mediated contact with 
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the overlying epidermis (Siegrist and Doe, 2006).  Larval brain neuroblasts on the hand, 
do not have a clear and uniform orientation, but they are still able to remain polarized.  
Polarity in both embryonic and larval brain neuroblasts are directed by the Par complex, 
which consists of atypical Protein Kinase C (aPKC), Partition Defective 6 (Par6) and 
Bazooka (Baz) (Schober et al., 1999; Wodarz et al., 2000; Petronczki and Knoblich, 2001; 
Rolls et al., 2003). This Par complex had been found to play essential roles in establishing 
polarity in many different cellular contexts, including epithelial cells (Rolls et al., 2003; 
Hutterer et al., 2004).  The Par complex is the first protein complex to assemble at the 
apical cortex during asymmetric cell division (Johnson and Wodarz, 2003). The Par 
complex will then help to co-ordinate protein complexes that govern the mitotic spindle 
orientation and to ensure the segregation of cell fate determinants to the basal cortex.  
Baz is the main scaffold protein in the Par complex. It is a very large protein and it 
contains three PDZ domains, a N-terminus conserved region 1 (CR1) and an aPKC binding 
region (Kuchinke et al., 1998; Krahn et al., 2010).  The apical localization of Par6 and 
aPKC requires Baz as in baz mutants, both proteins were unable to localize to the apical 
cortex. The localization of Baz, however, was not affected in par6 and aPKC mutants 
(Rolls et al., 2003). The association of Baz with aPKC is highly dynamic and is dependent 
on the phosphorylation status of aPKC (Wirtz-Peitz et al., 2008).  
Par6 is a small, conserved protein. It contains a PB1 domain and a CRIB domain which is 
adjacent to a PDZ domain. Par6 binds to aPKC through its PB1 domain and represses the 
kinase activity of aPKC. It also binds to Cdc42, a small Rho GTPase, through the coupled 
CRIB-PDZ domain to increase the binding affinity of PDZ domain, allowing Par6 to anchor 
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to the apical cortex. The binding of Cdc42 to Par6 can also partially relieve the inhibition 
of aPKC (Peterson et al., 2004; Atwood et al., 2007).  
aPKC is highly similar to mammalian PKCλ and PKCζ or Caenorhabditis elegans PKC3. 
Although aPKC contains a serine/threonine kinase domain, unlike other canonical 
Protein Kinase C, it is not activated by Ca2+ and diacylglycerol (Wodarz et al., 2000).  
aPKC is the core effector of the apical Par complex. It is able to directly phosphorylate 
many molecules including proteins in the basal complex, molecular regulators and also 
Baz. This enables the cell to bring about a tight regulation and control over the process 
of setting up apical-basal polarity, as well as to carry out asymmetric segregation of cell 
fate determinants (Wodarz et al., 2000; Rolls et al., 2003; Atwood and Prehoda, 2009).  
These three proteins, Par6, aPKC and Baz do not specify for neuroblasts cell fate, but 
they ensure the correct mitotic spindle orientation as well as segregation of cell fate 
determinants.  
Mitotic spindle orientation 
In order for cell fate determinants to be segregated only to the basal cortex and 
inherited only by the GMC, the cleavage plane of the cells must be orthogonal to the 
apical-basal axis formed by the Par complex. This is achieved by coordination of the Par 
complex and the heteromeric G-protein complex, which consists of Partner of 
Inscuteable (Pins), G-protein α subunit-i (Gαi) and Locomotion defects (Loco) (Schaefer 
et al., 2000; Yu et al., 2000; Yu et al., 2005). These two complexes interact through a 
very important molecule, Inscuteable (Insc). Insc binds to Baz before the onset of mitosis, 
allowing it to be localized to the apical cortex (Kraut et al., 1996).  Upon entering mitosis, 
Insc recruits Pins, which in turn recruits heteromeric G-protein Gαi (Yu et al., 2000; Yu et 
Introduction 
14 | P a g e  
 
al., 2003). Loco acts by stabilizing the GDP bound form of Gαi by inhibiting the 
dissociation of GDP from it (Yu et al., 2005). Together, they induce a conformational 
change in Pins, allowing it to bind to another protein, Mushroom Body Defect (Mud) 
(Izumi et al., 2006). Mud, the Drosophila homolog of Nuclear Mitotic Apparatus Protein 
(NuMA), can bind to both spindle and motor protein, Dyenin (Bowman et al., 2006; Siller 
et al., 2006).  It is thought that Mud may align the spindle with Gαi and Pins by providing 
a docking site for astral microtubules. This would then attract one of the spindle poles, 
allowing the spindle to align to the apical-basal axis set up by the Par complex.  
Asymmetric segregation of cell fate determinants 
The ultimate aim of setting up cell polarity and aligning mitotic spindle to the apical-
basal axis such that the cleavage plane of the cell is orthogonal to the apical-basal axis is 
to ensure that there is basal localization of cell fate determinants and these cell fate 
determinants will be segregated only to the GMC which is formed at the basal side after 
cytokinesis. These cell fate determinants, after being segregated to the GMC, will inhibit 
its neuroblasts cell fate and initiate differentiation (Cabernard and Doe, 2009).  
Currently, there are two main groups of cell fate determinants and their adapter 
proteins that have been identified and studied. The first group is Numb and its adapter 
protein, Partner of Numb (Pon) (Rhyu et al., 1994; Lu et al., 1998). The other group 
consists of Prospero and Brain Tumor (Brat) and their adaptor protein, Miranda (Mira) 
(Knoblich et al., 1995; Bello et al., 2006; Choksi et al., 2006). 
Pros is a homeodomain transcription factor. It is present in the cytoplasm and inactive in 
the neuroblasts. During asymmetric cell division, Pros segregates to only the GMC and 
enters the nucleus and potentially downregulates more than 700 genes which are 
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involved in self-renewal and cell-cycle control (Knoblich et al., 1995; Choksi et al., 2006). 
In pros mutants, there is a loss of differentiated neurons in embryos and transformation 
of GMC cell fate to neuroblasts in the larva (Doe et al., 1991; Choksi et al., 2006), which 
clearly suggests that Pros is required to enter the nucleus of the GMC after asymmetric 
cell division to modulate transcription of genes so that the GMC will exit from the cell 
cycle and differentiate.  
 Brat is a member of the NHL-domain containing protein family (Arama et al., 2000). 
Proteins in this family were implicated to control stem cell proliferation (Reymond et al., 
2001). Brat was identified as a basal cell fate determinant and may act as a 
posttranscriptional repressor of cell growth factor, Myc (Sonoda and Wharton, 2001; 
Bello et al., 2006; Harris et al., 2011).  
Although both Pros and Brat are required to localize basally and segregate into the GMC, 
they were unable to do so without their adaptor protein, Mira (Ikeshima-Kataoka et al., 
1997; Shen et al., 1997).  Mira is a coiled-coil protein that contains multiple domains for 
its function: a N terminal cell cortex basal localization domain, a central “cargo” binding 
and apical localization domain, as well as a C-terminal degradation domain 
(Fuerstenberg et al., 1998). Mira is required for basal localization of Pros and Brat 
because in mira mutants, both Pros and Brat would mislocalize into the cytoplasm (Shen 
et al., 1997; Lee et al., 2006c). Mira is also responsible for repressing Pros during mitosis 
by binding to it and localizing it to the basal cortex. Once cytokinesis is completed, Mira 
will be degraded, thereby allowing Pros to enter the nucleus of the GMC and bring about 
the down-regulation of the target genes (Ikeshima-Kataoka et al., 1997; Shen et al., 1998) 
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Numb was first discovered in the sensory organ precursor cells to induce neuronal cell 
fate in the cell that inherits it (Rhyu et al., 1994). Numb contains a phosphotyrosine 
binding(PTB) domain in the N terminus and a NPF motif in the C terminus (Li et al., 1998; 
Berdnik et al., 2002). The PTB domain of Numb  can interact with the Notch receptor 
(Guo et al., 1996) and it was also shown to be able to bind to Sanpodo, a molecule which 
is required for Notch signaling (O'Connor-Giles and Skeath, 2003). In addition, Numb can 
also bind to α-adaptin, an endocytic adaptor protein, to regulate endocytosis (Santolini 
et al., 2000).  Hence, Numb is thought to inhibit Notch signaling in the GMC which 
inherits it by regulating the trafficking of Notch and its receptor or by facilitating the 
translocation of Sanpodo into an endocytic compartment and preventing it from 
interacting with the Notch signaling pathway (Berdnik et al., 2002; O'Connor-Giles and 
Skeath, 2003; Hutterer and Knoblich, 2005).  
Pon was first identified in a yeast-2-hybrid screen for interactors with the Numb PTB 
domain. Pon binds to Numb directly and Pon was shown to be asymmetrically localized 
together with Numb and in pon mutants, the asymmetric basal localization of Numb is 
delayed (Lu et al., 1998). Unlike Pros and Brat which requires Mira for their basal 
localization, Numb is able to localize to the basal cortex without Pon albeit being 
delayed. Hence, it was speculated that Pon may only facilitate, but not essential for, the 
basal localization of Numb.  
In summary, the key steps of asymmetric cell division in neuroblasts are to set up the 
apical-basal polarity of the cell and to align the mitotic spindle along the apical-basal axis. 
This set-up then directs cell fate determinants to localize to the basal cortex and is 
asymmetrically segregated during mitosis so that only the basal GMC would receive the 
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cell fate determinants. The cell fate determinants function to inhibit cell growth and 
renewal of the GMC, promoting its exit of the cell cycle and differentiation. Hence, the 
larger cell at the apical side which does not receive these cell fate determinants remains 
as a neuroblast while the GMC at the basal side which receives these cell fate 
determinants would exit the cell cycle and commits itself to differentiate. The 
generation of these distinct cell fates to two daughter cells which arise from a single 
neuroblast involves many cellular processes, interaction and cross-talk between the 
molecules which are highly regulated.  
Asymmetric localization of cell fate determinants 
As discussed earlier, the ultimate aim of asymmetric cell division is to segregate the cell 
fate determinants to only the basal GMC. For this segregation to be complete, the cell 
fate determinants must be localized to the basal cortex of the dividing cell during mitosis. 
A series of signaling and molecular cross talk must take place in order for proteins in the 
apical complex, like the Par complex, to direct cell fate determinants to localize to the 
basal cortex.  
Localizing the cell fate determinants by apical exclusion 
As discussed earlier, there are two main groups of cell fate determinants to be basally 
localized during asymmetric cell division: Numb and its adaptor Pon, and Pros, Brat with 
their adaptor Mira.  
Numb is able to anchor to the membrane cortex of the cell on its own through its N 
terminus (Knoblich et al., 1997) and Numb can be phosphorylated by aPKC at the N 
terminus. This phosphorylation changes the ability for Numb to bind to the cortex of the 
cells (Nishimura and Kaibuchi, 2007; Smith et al., 2007). This aPKC mediated 
Introduction 
18 | P a g e  
 
phosphorylation of Numb at Ser52 causes it to be unable to bind to the cell cortex and 
gets excluded from the membrane. Overexpressing the non-phosphorylable form of 
Numb caused it to localize uniformly throughout the cell cortex instead of only to the 
basal side, further confirming that the phosphorylation is required for membrane 
exclusion of Numb (Smith et al., 2007; Wirtz-Peitz et al., 2008).  This phosphorylation of 
Numb was also shown to require Baz (Schober et al., 1999; Bellaïche et al., 2001).  
Mira was also shown to be directly phosphorylated by aPKC and this phosphorylation, 
like the phosphorylation of Numb, will exclude it from the cortex of the cell (Atwood and 
Prehoda, 2009).  
In addition, Drosophila non-muscle myosin II (Zipper) and myosin IV (Jaguar) was also 
found to be required for basal localization of cell fate determinants (Ohshiro et al., 2000; 
Petritsch et al., 2003). It was first believed that the actin/ myosin cytoskeletal network 
actively transports the cell fate determinants to the basal cortex. However, it was later 
shown that Zipper directs cell fate determinants to the basal cortex by cortical exclusion 
rather than active transport(Barros et al., 2003).  
Hence, cell fate determinants could form a basal crescent in the neuroblasts during 
mitosis because of the Par complex which is assembled apically in the cell. aPKC in the 
Par complex would either phosphorylate the cell fate determinant directly as in the case 
of Numb or the adaptor protein as in the case of Mira and exclude them from the apical 
cortex. Numb and its adaptor Pon had been previously shown to have a highly dynamic 
exchange rate between the cytoplasmic pool and cortex bound pool (Mayer et al., 2005). 
This could signify that at the apical cortex, phosphorylation of Numb and Mira excludes 
them from the cortex and hence increasing their cytoplasmic pool and at the basal 
Introduction 
19 | P a g e  
 
cortex, the lack of phosphorylation of Numb and Mira then increases their membrane 
bound pool. Therefore, under normal physiological conditions, most of the Numb 
(together with its adaptor Pon), and Mira (together with its cargo Pros and Brat) would 
be in the basal cortex membrane bound pool.  
aPKC substrate specificity is linked with cell cycle 
Although the phosphorylation of Numb and Mira by aPKC in the Par complex excludes 
them from the apical complex, this exclusion occurs only during the onset of mitosis. 
Numb is localized uniformly throughout the cytoplasm and cell cortex during interphase 
and only localized basally during mitosis (Rhyu et al., 1994). Mira on the other hand is 
apically localized during the late interphase and starts to move basally upon the onset of 
mitosis (Matsuzaki et al., 1998). However, the apical complex is already assembled in at 
the apical cortex during interphase. This meant that aPKC is inactive during interphase 
and a trigger or a switch must then activate aPKC during the onset of mitosis.  
Work done by Wirtz-Peitz and colleagues revealed that Aurora-A (Aur-A), a mitotic 
kinase, is the key to this trigger (Wirtz-Peitz et al., 2008). During interphase, Par6 and 
aPKC is associated with another cytoskeletal protein, Lethal (2) giant larvae (Lgl). Lgl 
inhibits the kinase activity of aPKC. Unphosphorylated Par6, which binds to aPKC 
through its PB1 domain, also represses the kinase activity of aPKC. Upon the onset of 
mitosis, AurA would phosphorylate Par6. This relieves the inhibition of aPKC and aPKC is 
able to self-phosphorylate and becomes active. This aPKC then phosphorylates Lgl, 
releasing it from the cortex and Lgl is then exchanged for Baz. The Par6-Baz-aPKC 
complex is active and then phosphorylates substrates such as Numb and Mira to exclude 
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them from the apical cortex, hence establishing the basal localization of cell fate 
determinants (Lee et al., 2006a; Wang et al., 2006; Wirtz-Peitz et al., 2008).   
Lgl as a molecular buffer 
The phosphorylation and apical exclusion of the cell fate determinants is a highly 
dynamic process. A tight regulation would be required for this process as an optimal 
level of phosphorylation is required to localize these proteins to the basal cortex. 
Excessive phosphorylation would cause most of them to be in the cytoplasm while too 
low levels of phosphorylation would cause them to remain around the cell cortex. Hence, 
Lgl is hypothesized to be a molecular buffer to restrict the activity aPKC. Even after the 
onset of mitosis and the activation of aPKC, there should exist an equilibrium of active 
Par6-aPKC-Baz complex and inactive Par6-aPKC-Lgl complex (Figure 6).  
Overexpression of Lgl3A, the non-phosphorylable form, causes Numb to be uniformly 
localized around the cell cortex (Betschinger et al., 2003; Langevin et al., 2005). This is 
because Lgl3A cannot be phosphorylated by aPKC, and hence remain bound to Par6-aPKC. 
The Par6-aPKC complex would then be unable to exchange Lgl with Baz to form active 
Par6-aPKC-Baz complex. This results in a shift in the equilibrium largely towards the 
inactive complex and cause low levels of phosphorylation of Numb. Numb then could 
not be excluded from the apical complex and hence remains uniformly cortical in the cell.  
In lgl null mutants, cell fate determinants such as Numb and Mira are mislocalized. 
Numb is mislocalized to the cytoplasm and cell cortex while Mira is mislocalized to the 
cytoplasm and the spindles (Ohshiro et al., 2000; Humbert et al., 2003; Langevin et al., 
2005; Lee et al., 2006b). This may be because the lack of Lgl to buffer the activity of aPKC 
shifts the equilibrium entirely to Par6-aPKC-Baz active complex. There would then be 
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hyper-phosphorylation of Numb and Mira, mislocalizing them to the cytoplasm. When 
the cytoplasm exceeds the capability to retain all the hyper-phosphorylated Numb and 
Mira, they will mislocalize to other cellular structures, which is the spindle for Mira and 
the cortex for Numb.  
 
Figure 6: Schematic diagram showing the model for phosphorylation of Numb and Mira by the 
Par complex.  
 
Other regulators of asymmetric cell division 
Besides the molecules described above, there are also other molecules found to be 
involved or regulate asymmetric cell division in the Drosophila neuroblast.  
Polo, another mitotic kinase, was also found to be involved in asymmetric cell division. 
Polo phosphorylates Pon to localize it to the basal cortex. Basal localization of Pon and 
Numb, apical localization of aPKC, and spindle orientation were affected in polo mutants, 
although the mechanism is still unclear (Wang et al., 2007). Another kinase involved in 
cell cycle regulation, Cdc2, is also found to be required for the maintenance of 
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localization of apical complex although detailed mechanism of how it achieves it is 
relatively unknown (Tio et al., 2001). 
Besides kinases, phosphatases were also found to regulate asymmetric cell division of 
the Drosophila neuroblasts. Since the molecular crosstalk and regulation of asymmetric 
cell division involves many phosphorylation events, phosphatases would be very likely to 
play vital roles in regulation and maintenance of the process. However, protein 
phosphatases are normally very complex to study simply because they have an 
obligatory multimeric complex function. Its catalytic subunit must be associated with a 
scaffold unit and one or more of the many alternative subunits to confer its substrate 
specificity.   
Protein phosphatase 4 (PP4) is one of the first protein phosphatase found to be involved 
in asymmetric cell division.  By disrupting the PP4 regulatory subunit Falafel (Flfl), Mira 
and its associated proteins were mislocalized to the cytoplasm, while proteins in both 
the apical and Numb complexes remained unaffected (Sousa-Nunes et al., 2009) 
Another protein phosphatase that is linked to asymmetric cell division is Protein 
Phosphatase 2A (PP2A). PP2A catalytic domain Microtubule Star (Mts) and B-regulatory 
subunit Twins (Tws) were found to be involved in asymmetric cell division (Chabu and 
Doe, 2009; Ogawa et al., 2009; Wang et al., 2009). PP2A acts either to exclude aPKC 
from the basal cortex (Chabu and Doe, 2009), or to modulate the phosphorylation of 
Par6 by AurA (Ogawa et al., 2009) . 
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Cancer and stem cell asymmetric cell division 
Loss of cell polarity is a hallmark in cancers and human carcinomas (Liu et al., 2005). One 
of the hypotheses that relate cancer to loss of cell polarity is that in stem cells, loss of 
cell polarity impairs its ability to perform asymmetric cell division. This caused the 
inability to specify one daughter cell to be committed and differentiate, and the 
daughter cell continues to divide. There will be then a massive expansion of cells, 
causing malignant transformation of the cells to cause cancer (Bilder, 2004). This may be 
very evident in Drosophila as mutations in genes involved in asymmetric cell division 
such as lgl and brat caused a massive overproliferation of neuroblasts, inducing tumor-
like phenotypes in the mutants (Humbert et al., 2003; Betschinger et al., 2006). When 
there is failure in asymmetric cell division, cell fate determinants do not localize basally 
and segregate only to the GMC. Hence, both cells do not receive enough dosage of 
signal for them to differentiate and exit the cell cycle and both would remain as 
neuroblasts or neuroblast-like cells and continue to proliferate (Cabernard and Doe, 
2009).  
Interestingly, when larval brains of mutants with defective asymmetric cell divisions 
were injected into adult Drosophila hosts, these larval brains were able to undergo 
neoplastic transformation and generate tumors (Figure 7). These tumors display 
genomic instability, metastasis and immortality (Woodhouse et al., 1994; Caussinus and 
Gonzalez, 2005).  
Studies in mammalian models also revealed that overexpression of NUP98-HOXA9, 
which is associated with acute myeloid leukemia, causes the cells to have decreased 
percentage of asymmetric division and increase in symmetric division (Wu et al., 2007). 
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This indicates that loss of asymmetric cell division control may indeed be a key cause in 
many cancers. Hence, detailed studies of asymmetric cell division to unveil its 
mechanism and regulation would have implications in diseases and cancer.  
 
Figure 7: Image source from (Caussinus and Gonzalez, 2005). Demonstration of ability of 
mutant larval brain to form tumors when injected into adult hosts.  
Injection of wild type larval brain into adult host does not induce tumor formation in the host 
(a) but injection of larval brain from mutants defective in asymmetric cell division like raps, 
mira and numb causes massive overgrowth of the implanted tissue (GFP positive)(c, d and e).   
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Chapter 2: Materials and methods 
Molecular biology 
DNA application 
Recombinant DNA methods 
Polymerase chain reaction 
Target DNA was amplified from template plasmid DNA or genomic DNA by carrying 
polymerase chain reaction (PCR) using Expand High Fidelity Kit (Roche, Germany) or Taq 
Core Kit (Qiagen, Germany) and according to manufacturer’s protocol.  The reaction 
which included 10-200ng of plasmid DNA or 100-500ng of genomic DNA, 1x reaction 
buffer, 0.2µM of dNTP mix, 0.5µM of forward and reverse primer and 1unit of 
polymerase.  PCR was carried out using Thermal-Cycler (Bio-Rad) at the following 
conditions: initial denaturation at 95°C for 5 minutes; 25-30 cycles of denaturation at 
95°C for 30 seconds, annealing at 55-60°C for 30 seconds, extension at 65°C or 72°C at 1 
minute/kb; final extension at 65°C or 72°C for 7 minutes.  
Polymerase chain reaction (Long Template) 
Target DNA that was over 4kb was amplified from template plasmid DNA or genomic 
DNA by carrying polymerase chain reaction (PCR) using Expand Long Template PCR Kit 
(Roche, Germany) according to manufacturer’s protocol.  The reaction included 10-
200ng of plasmid DNA or 100-500ng of genomic DNA, 1x reaction buffer, 500µM of 
dNTP mix, 50nM of forward and reverse primer and 1unit of polymerase.  PCR was 
carried out using Thermal-Cycler (Bio-Rad) at the following conditions: initial 
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denaturation at 95°C for 5 minutes ; 10 cycles of denaturation at 95°C for 30 seconds, 
annealing at 55-60°C for 30 seconds, extension at 65°C at 1 minute/kb; 10-15 cycles of 
denaturation at 95°C for 30 seconds, annealing at 55-60°C for 30 seconds extension at 
65°C at 1 minute/kb with additional 20 seconds per successive cycle; final extension at 
65°C for 10 minutes.  
PCR purification  
Amplified recombinant DNA from PCR was purified using QIAquick PCR purification kit 
(Qiagen, Germany). 5 volumes of binding buffer PBI was added to the PCR reaction, 
mixed and transferred to QIAquick spin column. Binding was carried out by centrifuging 
the spin column at 13,000g for 1 minute. The column was then washed twice with 750µl 
of wash buffer PE before eluting with 50-100µl of dH2O.  
Agarose gel electrophoresis 
Agarose gel was prepared by melting appropriate amount of Ultrapure agarose powder 
(Invitrogen, USA) in 1x Tris-Acetate-EDTA (TAE) buffer (40mM Tris-acetate, 2mM EDTA) 
and added with 0.2µg/ml Ethidium Bromide (EtBr) (Bio-Rad, USA). 10x DNA loading dye 
(50% glycerol, 1% (w/v) bromophenol blue) was added to DNA samples before loading 
to wells pre-casted in the agarose gel. DNA ladder GeneRuler (Fermantas, USA) was used 
to determine the size of the DNA on the gel. DNA samples together with DNA ladder 
were analyzed by running the gel at a voltage of 20V/cm and the gel was visualized using 
UV transilluminator.  
Gel purification 
DNA was separated according to size using agarose gel electrophoresis as above. The 
desired fragment was then excised out using surgical blades or x-tracta gel extractor 
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(USA Scientific, USA). DNA was extracted from the gel using QIAquick Gel purification kit 
(Qiagen, Germany). 3 volumes of solubilizing buffer QG per 100mg of agarose gel was 
added to the excised gel and incubated at 65°C for 10 minutes before transferring to 
QIAquick spin column. Binding was carried out by centrifuging the spin column at 
13,000g for 1 minute. The column was then washed twice with 750µl of wash buffer PE 
before eluting with 50-100µl of dH2O.  
Restriction digestion of DNA 
General recombinant DNA methods were performed essentially according to Sambrook 
et al (Sambrook and Russell, 2006). Restriction enzymatic digestion was carried out for 
plasmid DNA or purified PCR products by resuspending the DNA in appropriate buffers 
supplied by manufacturers before adding 1- 5 units of the appropriate restriction 
enzymes (New England Biolabs, UK or Roche, Germany or Fermentas, USA).  The 
digestion reaction was then incubated at 37°C for 1-3 hours.  
If necessary, dephosphorylation was carried out by supplementing the digestion reaction 
with 1 unit of Calf Intestinal Phosphatase (CIP) (New England Biolabs, UK). 
Phosphorylation was carried out by incubating DNA with T4 Phosphonucleotide Kinase 
(PNK) (New England Biolabs, UK) in a buffer supplemented with 1mM ATP. Blunt end 
generation was carried out by incubating DNA with Kleenow DNA polymerase (large 
fragment) (New England Biolabs, UK) in a buffer supplemented with 0.2mM dNTP.  
Annealing of oligo DNA 
Short sequences to be directly cloned in were designed as forward and reverse primers 
so that they would generate double stranded oligo DNA products with desired blunt or 
sticky restriction digestion sites after annealing. These primers were diluted to 100µM 
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and 2µl of each primer were added to annealing buffer (100mM potassium acetate, 
30mM HEPES pH7.4, 2mM magnesium acetate). The reaction was then incubated at 
95°C for 4 minutes, 70°C for 10 minutes and allowed to cool to room temperature. The 
annealed DNA was then phosphorylated by incubating 5µl of it in a 20µl reaction 
containing 1x T4 DNA ligation buffer (Roche, Germany) and 1U PNK (New England 
Biolabs, UK) and incubating at 37°C for 1 hour. The product could then be directly used 
for cloning and ligation.  
Ligation of DNA 
Ligation of DNA was carried out using T4 DNA ligase (Roche, Germany). Up to 10ng of 
vector DNA and inserts were combined in 1x ligation buffer supplied and added with 1 
unit of T4 DNA ligase. The ligation mix was then incubated either at room temperature 
for 3 hours or at 16°C overnight.  
Transformation of E.coli cells 
Bacterial host strains and growth conditions 
The Escherichia Coli strain DH5α (fhuA2 Δ(argF-lacZ)U169 phoA glnV44 Φ80 Δ(lacZ)M15 
gyrA96 recA1 relA1 endA1 thi-1 hsdR17) (Invitrogen, USA) was used throughout this 
study for recombinant DNA procedures and strain BL21 (B dcm ompT hsdS(rB-mB-) gal) 
(Invitrogen, USA) was used for fusion protein expression. The bacteria cells were 
cultured in liquid 1x Luria Bertani (LB) broth (1% bacto-tryptone, 0.5% bacto-yeast 
extract, 1%NaCl) or LB agar plates (1% bacto-tryptone, 0.5% bacto-yeast extract, 1%NaCl, 
1.5% bacto-agar) at 37°C for 8-10 hours. 100µg/ml of ampicillin (Sigma, USA) or 50µg/ml 
kanamycin (Sigma, USA) was added to supplement the LB broth or agar plates as 
selective antibiotics whenever required.  
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Preparation of heat-shock competent cells 
A single colony of DH5α or BL21 strain competent cells was isolated and inoculated in 
50ml of LB broth without antibiotics and shaken at 200rpm, 37°C overnight.  The culture 
was then diluted in fresh LB broth to an OD600 of 0.1. The culture was then allowed to 
grow for another 2-4 hours at 37°C to reach an OD600 of 0.4. The cells were then pelleted 
by centrifuging at 4000rpm, 10 minutes, 4°C and washed twice and resuspended with 
ice cold 0.1M CaCl2 solution.  The cells suspension was then incubated at 4°C for 1 hour 
before harvesting by centrifuging at 4000rpm, 10 minutes, 4°C. The cells were 
resuspended in freezing medium (0.1M CaCl2, 15% (v/v) glycerol), aliquoted and snap-
frozen in liquid nitrogen.  The frozen cells were then stored at -80°C. 
Transformation of competent cells 
Heat-shock competent cells prepared above were allowed to thaw on ice and DNA 
ligation mix or pure-plasmid DNA was added to the cells. The cells were then incubated 
on ice for 10 minutes followed by heat-shock either at 42°C for 30 seconds or 37°C for 2 
minutes. 1ml of LB broth is then added to the cells and shaken at 37°C, 200rpm for 1 
hour. The cells were then pelleted by centrifuging at 3000g for 1 minute and 
resuspended in 100µl of broth before plating on LB agar plates containing the 
appropriate selective antibiotics. The plates were then allowed to dry before incubating 
at 37°C overnight.  
Plasmid DNA isolation 
Mini-prep of plasmid DNA 
Plasmid DNA was isolated from a small scale culture using GeneJet Miniprep Kit 
(Fermentas, USA) according to the manufacturer’s protocol. 2-5ml of overnight bacterial 
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culture were pelleted at 7000rpm, 1 minute. The pellet was then resuspended in 250µl 
resuspension buffer, lysed by addition of 250µl lysis buffer and neutralized by addition 
of 350µl of neutralization buffer. The lysate was cleared of debris by centrifugation at 
13,000rpm for 10 minutes before binding to GeneJet spin column by centrifugation at 
13,000rpm, 1 minute. The column was then washed twice with 750µl of wash buffer 
before eluting with 50-100µl of dH2O. 
Midi-prep of plasmid DNA 
Large scale isolation of plasmid DNA was carried using QIAfilter Plasmid Midi Kit (Qiagen, 
Germany) according to the manufacturer’s protocol. 400ml of overnight bacterial 
culture was pelleted at 7000rpm, 10 minutes and resuspended in 4ml of Buffer P1. 4ml 
of Buffer P2 was added to lyse the bacteria and 4ml of Buffer P3 was added to neutralize. 
The lysate was cleared off debris by applying it through the QIAfilter catridge. The 
cleared lysate was then transferred to pre-equilibrated Qiagen-tip 100 and washed twice 
with 10ml of Buffer QC. DNA was eluted from the Qiagen-tip with 5ml of Buffer QF and 
precipitated by addition of 3.5ml of isopropanol and centrifugation at 13,000rpm, 30 
minutes at 4°C. The DNA pellet was then washed twice with 70% ethanol, air-dried and 
dissolved in appropriate volumes of dH2O.  
Sequencing of plasmid 
1µl of mini-prep DNA was set up with 1µl of 5mM sequencing primer, 4µl of V31 BigDye 
and 4µl of dH2O to form a 10µl reaction. The reaction was then cycled using the program: 
initial denaturation at 95°C for 5 minutes; 25-30 cycles of denaturation at 95°C for 30 
seconds, annealing at 55-60°C for 30 seconds, extension at 65°C for 4 minutes. The 
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sequencing products were then sent to IMCB DNA Sequencing Facility for further 
purification and sequencing. 
Table 1: List of primers used for sequencing 
Primer name Sequence 
Clu-5’UTR  5’-CACCCGGTGGTCACACTCTCAGCC-3’ 
Clu-Intron1 F1 5’-ACGGGCCGGCTGCGAAGAAGAAAG-3’ 
Clu-Intron1 F2 5’-CTATCTCTCTCGCTCTTTCTCTTC-3’ 
Clu-Intron1-R1 5’-ATAGGGAGAAACGTGAACTTTGGA-3’ 
Clu ORF F1 5’-ATGGCGCTTGAAACGGAGGCGAAG-3’ 
Clu ORF F2 5’-ACCAGCTGCTGATGGACCGCGAAG-3’ 
Clu ORF F3 5’-GAGGATAAACGATTCCACATCTCA-3’ 
Clu ORF F4 5’-CGAGGACACCAAGATGCAGATGTT-3’ 
Clu ORF F5 5’-AGCTTCAGGACGTGCAGCTGAGCA-3’ 
Clu ORF F6 5’-GGCGAGGAGGGCACCTCGCTGGCC-3’ 
Clu ORF F7 5’-TGGCTCCTCCAATAGTTCATCCGC-3’ 
Clu ORF F8 5’-TCCAACAGCGAGCAGTGATCATGA-3’ 
Clu ORF F9 5’-AACGATATCTATTCCAGTGGCAAA-3’ 
Clu ORF R1 5’-TCAACTTGAAGTCGCCTCAGTGGC-3’ 
T7 seq 5’-AATACGACTCACTATAGG-3’ 
SP6 Seq 5’-ATTTAGGTGACACTATAG-3’ 
pUC18 Forward 5’-GGTTTTAGCGCTAAGCGGGCTTTA-3’ 
pUC18 Reverse 5’-TTCTCAATTTTCATATATTTTTCCA-3’ 
 
Construction of plasmids 
pUC18-act5p-3xFlag was modified from pUC18-act5p-GFP (Drosophila Genomics 
Research Center, USA) by digesting the plasmid with BamHI and PstI to remove the GFP 
coding fragment and ligated with BamHI-MCS-NotI and NotI-3xFlag-PstI double stranded 
oligo nucleotide product. BglII-clu-NotI was amplified from cDNA clone RH51925 
(Drosophila Genomics Research Center, USA) using primers designed with added 
restriction enzyme sites at both 5’ and 3’ end. The PCR product was then analyzed by gel 
electrophoresis, excised out and purified before cloning into pGEMT-easy (Promega, 
USA). The clu-pGEMT-easy plasmid was sequenced to confirm presence of insertion and 
Materials and methods 
32 | P a g e  
 
correct reading frame before it was then digested with BglII and NotI and cloned into 
pUC18-act5p-3xFlag.  
Table 2: List of primers used for production of double stranded oligo DNA 
Primer name Sequence 
BamHI-MCS-NotI Fwd 5’AAGGATCCCTCGAGCTCAAGCTTCGAATTCTGCAGTCGACGGTAC
 BamHI-MCS-NotI Rev 5’-TTGCGGCCGCTAGATCTCGGGCCCGCGGTACCGTCGACTGCAGA 
AT-3’ 
NotI-3xFlag-PstI Fwd 5’-GGCCGCGACTACAAAGACGATGACGACAAGGACTACAAAGACG 
ATGACGACAAGGACTACAAAGACGATGACGACAAGTGACTGCA-3’ 
NotI-3xFlag-PstI Rev 5’-GTCACTTGTCGTCATCGTCTTTGTAGTCCTTGTCGTCATCGTCTTT 
GTAGTCCTTGTCGTCATCGTCTTTGTAGTCGC-3’ 
 
Table 3: List of primers used for PCR 
Primer name Sequence 




NotI-clu-Reverse 5’- AAGCGGCCGCAACTTGAAGTCGCCTCAGTGGCTGC-3’ 
 Screening  Isolation of whole genomic DNA 
Approximately 50 whole flies or larva were briefly frozen at -20°C. 0.5ml of HB lysis 
buffer (100mM Tris.HCl pH7.5, 10mM EDTA, 350mM NaCl, 2% Urea) was added to the 
frozen flies and grounded thoroughly before incubating at 70°C for 30 minutes. 0.15 
volumes of 8M KOAc was added and further incubated at 4°C for 30 minutes. The 
resultant mixture was cleared off debris by centrifugation at 13,000rpm for 15 minutes. 
The cleared supernatant was aspirated to a new tube and extracted twice with 
phenol:chloroform (1:1). 0.7 volumes of isopropanol was then added and allowed to 
stand at room temperature for 5 minutes. Precipitated DNA was then pelleted by 
centrifugation at 10,000rpm for 15 minutes and washed twice with 70% ethanol. The 
Materials and methods 
33 | P a g e  
 
pellet was then air-dried before dissolving in appropriate volumes of TE buffer  (10mM 
Tris.HCl, pH8.0, 1mM EDTA).  
Single fly PCR 
A single fly was squished in 50µl of squishing buffer (10mM Tris.HCl pH8.0, 1mM EDTA, 
25mM NaCl, 20µg/ml Proteinase K) and incubated at 37°C for 30 minutes. The 
Proteinase K was subsequently inactivated by incubating at 95°C for 2 minutes. The 
mixture was centrifuged at 13,000rpm for 1 minute and 1-3µl of the supernatant was 
then removed to be used as template for PCR.  
Sequencing of clu alleles 
Whole genomic DNA was isolated from homozygous larva and PCR was set up using 
primers to amplify the entire clu gene span. The Expand Long Template PCR kit (Roche, 
Germany) was used. The PCR products were analyzed with agarose gel electrophoresis 
and the DNA was extracted and cloned into pGEMT-easy (Promega, USA). The plasmid 
was then purified and sequenced to determine the allele present.  
Allele specific PCR of clu169 allele 
Total genomic DNA from heterozygous flies or homozygous larva were subjected to PCR 
using primers clu169-Forward: 5’-TCCTGAGAGATCGAAAGGAGATTGGATTA-3’ and 
clu169-Reverse: 5’-CTTGCGCTGCAGCAGCACAGCTTGC-3’. The PCR was carried out using 
Qiagen Taq Core Kit (Qiagen, Germany) as described above but the extension time was 
limited to only 1 minute. Only flies carrying the clu169 allele would be able to give a 
750bp band. The PCR products were analyzed with agarose gel electrophoresis to detect 
the 750bp band for confirmation of presence of the mutant allele.  
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RNA application 
Isolation of whole RNA 
Total RNA was isolated from cells using Qiagen RNeasy Mini Kit (Qiagen, Germany) 
according to the manufacturer’s protocol. Cells were pelleted and resuspended in 
appropriate volumes Buffer RLT before homogenized using QIAshredder spin columns. 
An equal volume of 70% ethanol was then added to the sample and mixed well before 
applying to the RNeasy spin column. The column was then washed once with Buffer 
RW1. On-column DNA digestion was performed using RNase-free DNase (Qiagen, 
Germany) by adding the enzyme resuspended in Buffer RDD to the column and 
incubating it at 37°C for 15 minutes. The column was then washed once with Buffer RW1 
and twice with Buffer RPE before eluting in 30-50µl of RNase-free water.  
Reverse transcription 
Reverse transcription of total RNA isolated was performed using Superscript III First 
Strand cDNA Synthesis Kit (Invitrogen, USA). Total RNA, oligo-dT and dNTPs were 
incubated at 65°C for 5  minutes and 4°C for 1 minute before addition of cDNA synthesis 
mix which includes 1x RT buffer, 10mM MgCl2, 10mM DTT, 1U RNaseOUT and 1U 
Superscript Reverse Transcriptase. cDNA synthesis was carried out by incubation of the 
reaction at 50°C for 50  minutes before terminating it by incubating at 85°C for 5  
minutes. RNA was then removed from the sample by addition of 1U of RNaseH and 
incubating at 37°C for 20 minutes.  
Generation of dsRNA 
Approximately 500bp of the coding sequence for each gene to be knocked down was 
selected. Primers were designed to amplify out the specified region, as well as to carry 
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the minimal T7 RNA polymerase site (5’-TAATACGACTCACTATAGG-3’) on them to 
generate the polymerase sites on both 5’ and 3’ ends of the PCR product. The double 
stranded DNA template was them amplified from cDNA clones of the respective genes 
purchased from Drosophila Genomic Resource Centre and purified. This template was 
then used to generate double stranded RNA (dsRNA) using MEGAscript T7 Transcription 
Kit (Ambion, USA) by setting up the reaction consisting of template DNA, 1x reaction 
buffer, ATP, CTP, GTP and UTP solution and T7 polymerase enzyme mix in nuclease free 
water. The reaction was allowed to carry out at 37°C for overnight. The dsRNA was 
purified from the reaction mix by adding 1.5x reaction volume of water and 1.5x 
reaction volume of LiCl and incubated at -20°C for 30 minutes. The dsRNA was then 
pelleted by centrifuging at max speed for 15 minutes at 4°C. The pellet was then washed 
twice with 70% ethanol before resuspending in appropriate volumes of nuclease free 
water.  
Table 4: List of primers used for dsRNA DNA template generation 
Primer name Sequence 
T7-clu-Forward   5’- TAATACGACTCACTATAGGATGGCGCTTGAAACGGAGGCGAAG-3’ 
T7-clu-Reverse 5’- TAATACGACTCACTATAGGCTTCGCGGTCCATCAGCAGCTGGT -3’ 
T7-lgl-Forward   5’- TAATACGACTCACTATAGGGCAATCAAGTACCAACAACGCTGGA-3’ 
T7-lgl-Reverse 5’- TAATACGACTCACTATAGGGCGGAAGTGAAAACACCTTGAACTG-3’ 
 
Quantitation of mRNA levels 
Total RNA from cells was isolated using RNeasy Mini Kit (Qiagen, Germany) and whole 
cDNA was synthesized using Superscript III First Strand cDNA Synthesis Kit (Invitrogen, 
USA). The levels of mRNA of target genes were quantified using real time PCR using SYBR 
Green Core Reagents (Applied Biosystems, USA) by setting up reactions, each consisting 
of  1-10ng of cDNA template, 50nM of forward and reverse primers, 1x SYBR Green PCR 
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buffer, 3mM MgCl2, 0.2mM dNTP blend, 1U AmpliTaq Gold, 0.5U AmpErase UNG. The 
reactions were cycled for AmpErase incubation at 50°C for 2 minutes, AmpliTaq Gold 
activation at 95°C for 10  minutes, 40 cycles of denaturation 95°C, 15 seconds, annealing 
and extension at 60°C for 1 minute on Real Time Thermal Cycler 7300 (Applied 
Biosystems, USA) and analyzed with GeneAmp 5700 Sequence Detection System 
(Applied Biosystems, USA). Actin was used as the internal control for all reactions. After 
cycling, 10µl of the reaction mix was analyzed with agarose gel electrophoresis to 
confirm the amplification of target products.  
Table 5: List of primers used for real time PCR 











Overexpression and purification of recombinant protein from bacteria 
A single colony of BL21 carrying the overexpression fusion protein DNA construct was 
picked and inoculated in 30ml of LB broth with appropriate selective antibiotics and 
shaken at 37°C, 200rpm overnight. The culture was then diluted in 800ml of fresh LB 
with selective antibiotics to an OD595 of 0.1 and shaken at 37°C, 200rpm until the OD595 
reached 0.6. 800µl of 1M IPTG (Fermentas, USA) was added to the culture and allowed 
to shake for another 6 hours at room temperature. The bacterial cells were pelleted by 
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centrifugation at 7000rpm for 10 minutes and resuspended in 20ml of STE buffer (10mM 
Tris.HCl pH8.0, 1mM EDTA, 150mM NaCl) supplemented with 2mM PMSF and 1x 
Complete protease inhibitor (Roche, Germany). 200µl of 100mg/ml of lysozyme was 
added to the suspension and incubated on ice for 15 minutes. 200µl of 1M DTT and 
2.8ml of 10% Sarkosyl was added before sonication for 4 x 30 secondsonds. 8ml of 10% 
Triton X-100 was then added and the volume of the lysate was topped up to 40ml with 
STE buffer before incubating at 4°C for 30 minutes with rolling. Glutathione-S-Sepharose 
Beads (Amersham, USA) was washed twice with STE buffer before adding to the lysate 
and incubated at 4°C for a further 2 hours with rolling. The beads were then pelleted by 
centrifugation at 3000rpm, 1 minute and washed several times with PBT. The protein 
was then eluted by incubating the beads in PBS with 0.1% SDS at room temperature for 
5 minutes.   
Drosophila melanogaster manipulation 
General maintenance of Drosophila melanogaster 
Fly stocks and crosses were maintained at 25°C and according to standard procedures 
(Ashburner and Roote, 2007) unless otherwise stated. yw strain was used as control in 
the studies unless otherwise stated.  
Fly stocks used in the study 
The following fly stocks were used in this study: 
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Table 6: Fly stocks used in this study 
Genotype  Source 
worniu-GAL4, UAS-Dicer2 Gift from Yu Cai 
scabarous-GAL4; UAS-Dicer2 Gift from Yu Cai 
8443R-1 National Institute of Genetics 
w67c23; P(Supor-P)cluKG02346 Bloomington Stock Center 
sp/ Cyo, Δ2-3 Sb1/TM6 Ubx Bloomington Stock Center 
wa Nfag ; Df(2R)Jp8, w+ Bloomington Stock Center 
lgl4 Bloomington Stock Center 
lgl1 Gift from Fumio Matzusaki 
worniu-GAL4 Bloomington Stock Center 
UAS-aPKCCAAX WT Gift from William Chia 
clu42x This study 
clu 44x This study 
clu 169x This study 
clu169 This study 
clu169;  40O09 This study 
clu169; 54A10 This study 
clu169; 72F14 This study 
lgl4, clu169 This study 
worniu-GAL4, clu169 This study 
UAS-aPKCCAAX WT, clu169 This study 
 
All flies were balanced over Cyo or Cyo, P(ActGFP, w-) or Cyo, P(Ubi-GFP.S65T) for the 
second chromosome and TM6, Tb1 or TM6, P(Ubi-GFP.S65T) for the third chromosome.  
RNAi knockdown in Drosophila melanogaster 
Virgin female wor-GAL4; UAS-Dicer2 or sca-GAL4; UAS-Dicer2 flies were crossed to RNAi 
line 8443R-1 males and raised at 29°C. Progeny flies, larva and pupa were then analyzed 
respectively for knockdown phenotype.  
Generation of revertants 
Virgin P-element line w67c23; P(Supor-P)cluKG02346 was crossed to transposase line sp/ Cyo, 
Δ2-3 Sb1/TM6 Ubx. F1 male progenies which were Cyo positive, Sb1 postive and have 
mosaic colored eyes were selected and each male was crossed individually to yw, 
Gla/Cyo virgin females in separate vials. One F2 male progenies which were white eyed, 
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Gla negative and Cyo positive was selected from each vial and crossed to Gla/Cyo, 
P(ActGFP) virgin females. Male and female F3 progenies which were GFP positive were 
selected for sibling cross, setting up a stable line.  
Isogenize and removal of background mutation 
Male clu x 169 was crossed to yw virgin females. Virgin F1 female progenies were picked 
and crossed to male yw, Gla/ Cyo. Male F2 progenies which are Cyo positive and Gla 
negative were picked and individually crossed to Gla/Cyo, P(ActGFP) virgin females. 
Male and female F3 progenies which were GFP positive were selected for sibling cross, 
setting up a stable line.  
Recombination 
Male clu169 was crossed to lgl4, wor-GAL4 or UAS-aPKCcaax WT virgin females. Virgin F1 
female progenies heterozygous for both alleles were picked and crossed to male yw, 
Gla/ Cyo. Male F2 progenies which are Cyo positive and Gla negative were picked and 
individually crossed to Gla/Cyo, P(ActGFP) virgin females. Male and female F3 progenies 
which were GFP positive were selected for sibling cross, setting up a stable line.  
Climbing assay 
Climbing assay was carried out essential as described (Ng et al., 2009). 20 virgin female 
flies which are either 25 days old for yw and homozygous parkin1 mutant or 1 day old for 
homozygous clu169 mutant were anesthetized with carbon dioxide before placing in 
plastic columns with appropriate markings. The flies were then allowed to recover for 2 
hours at 25°C. At the start of each trial, the flies were tapped to the bottom of the 
column and after 1 minute, the number of flies that reached the 25cm mark of the 
column was determined and expressed as a percentage of total number of flies used. 
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Three trials were conducted at an interval of 15 minutes for each of the genotype of flies 
to determine the mean percentage represented as the climbing score.  
Larval brain dissection 
Wandering third instar larva were collected and placed in a dish filled with 1x PBS and 
observed under dissecting microscope Olympus SZ51 (Olympus, Japan). Using two 
Dumont Dumostar #4 Fine Tipped Forceps (Electron Microscopy Sciences, Switzerland), 
the larva was held at the mouthpiece and at the bottom half of the body. With a swift 
action, the forceps were pulled in the opposite direction, removing the mouthpiece 
together with other internal organs from the larval body. The larval brain was then 
identified visually and other internal organs were removed using the forceps. The 
mouthpiece was retained for larval brain subjected to immunofluorescent staining but 
removed for larval brain subjected to lysis and protein extraction. Dissected larval brains 
were transferred to 1x Schneider’s medium (Gibco, USA) for standing until they are 
ready for further processing.  
Pupal nota dissection 
Pupa that were 24 hours after pupa formation (APF) were selected and placed in a dish 
filled with 1x PBS. While holding the pupae at the posterior end with Dumont Dumostar 
#4 Fine Tipped Forceps (Electron Microscopy Sciences, Switzerland), the thorax of the 
pupae was cut out using Aesculap Vannas-typed Micro Scissors (B.Braun, Germany). The 
ventral side of the thorax was cut once more and internal tissue and muscles were 
separated from the pupal notum with the forceps. The dissected nota were then 
transferred to 1x Schneider’s medium (Gibco, USA) for standing until they are ready for 
further processing.  
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Cell line manipulation 
General maintenance of cell line 
BG3C2 cell line 
BG3C2 cell line was obtained from Drosophila Genomics Resource Center, Indiana 
University and maintained as previously described (Cherbas and Cherbas, 2007). BG3C2 
cells were maintained in Schneider’s Medium (GIBCO, USA) and supplemented with 10% 
heat inactivated fetal bovine serum (Hyclone, USA), 100µg/ml human recombinant 
insulin (Sigma, USA) and 1x penicillin/ streptomycin (GIBCO, USA) and incubated at 25°C.  
Cells were passaged by gently dislodging them from bottom of the flask using a pipet 
and replated at a cell density of 2.5 x 106 cells/ ml.  
Long term storage of cells 
BG3C2 cells that are 90% confluent were dislodged from the flask using a pipet. Cells 
were then pelleted by centrifuging at 125g for 5 minutes. Supernatant medium was 
removed and replaced with complete media plus 10% DMSO (Sigma). Cells were then 
aliquoted into ampuoles and allowed to chill slowly to -80°C.  
Thawing of cells 
Frozen cells in ampoules were removed by adding and resuspending in complete media. 
The cells were allowed to attach before changing media completely twice at 1 hour and 
24 hours after thawing. The cells were then allowed to recover before sub-culture.  
RNAi treatment of cells 
BG3C2 cells were dislodged from the flask and resuspended in Express Five Serum Free 
Media (GIBCO, USA) supplemented with human recombinant insulin (Sigma, USA) to a 
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density of 3.0 x 106 cells/ml. 500µl of the cells were plated in 6-well tissue culture plate. 
15µg of dsRNA prepared (as above) were added to the cells followed by agitation. The 
cells were then incubated at room temperature for 30 minutes before addition of 2.5ml 
of complete media. Treated cells were then incubated at 25°C for the 3 to 6 days before 
harvesting.  
Transfection of cells 
Transfection of BG3C2 cells were carried out using Fugene HD kit (Roche, Germany) 
according to the manufacturer’s protocol. BG3C2 cells were dislodged from the flask and 
resuspended in Express Five Serum Free Media (GIBCO, USA) supplemented with human 
recombinant insulin (Sigma, USA) to a density of 1.0 x 106 cells/ml and plated in an 
appropriate vessel according to scale.  DNA and Fugene reagent were added to serum 
free media and incubated at room temperature for 15 minutes before adding to the cells. 
The cells were then further incubated at 25°C for 4 hours before adding 2 volumes of 




The following antibodies were used in this study: Rabbit anti-Clu (1:1000, Custom made 
for this study, Genscript, USA); Mouse anti-Mira (1:50, Gift from Fumio Matsuzaki, Riken 
Center for Developmental Biology, Chuo-ku, Kobe, Japan), Rabbit anti-Mira (1:1000, Gift 
from Yu Cai, Temasek Lifesciences Laboratories, Singapore); Guinea pig anti-Numb 
(1:1000, Gift from James B. Skeath, University of Washington, USA); Rabbit anti-PKC zeta 
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(C-20) (1:1000, sc-216, Santa Cruz, USA); Rabbit anti-PKC iota (phospho T555 + T563) 
(1:1000, ab5813, Abcam, USA); Rabbit anti-Lgl C2 (1:3000, Gift from Fumio Matsuzaki, 
Riken Center for Developmental Biology, Chuo-ku, Kobe, Japan); Rabbit anti-Baz (1:1000, 
Gift from Andreas Wodarz, University of Göttingen, Germany); Mouse anti-Flag M2 
(1:1000, F1804, Sigma Aldrich, USA); Mouse anti-c-Myc (1:1000, sc-40, Santa Cruz, USA), 
Mouse anti-beta-actin (1:1000, A2228, Sigma Aldrich, USA).  
Secondary antibodies used were: Goat Anti-Mouse IgG (H+L), Peroxidase 
Conjugated (1:5000, 31446, Pierce Thermo Scientific, USA); Goat Anti-Rabbit IgG (H+L), 
Peroxidase Conjugated (1:5000, 31462, Pierce Thermo Scientific, USA); Rabbit anti-
Guinea Pig IgG – HRP (1:3000, 61-4620, Invitrogen, USA).  
SDS-PAGE 
Protein lysates were extracted from BG3C2 cells or Drosophila larval brain by 
homogenizing the cells or tissue in 1x Radioimmunoprecipitaiton assay (RIPA) buffer 
(50mM Tris.HCl pH8.0, 150mM NaCl, 1% IGEPAL CA-630, 0.5% Sodium Deoxycholate, 0.1% 
SDS) supplemented with 1x Complete protease inhibitor (Roche, Germany) and 1x 
Phosstop protein phosphatase inhibitor (Roche, Germany). The lysates were cleared off 
insoluble fractions and debris by centrifugation at 16,000g, 1min. The protein 
concentrations of the lysate were determined using Bradford Ultra assay (Expedeon, 
USA). 4x protein loading dye (200mM Tris.HCl pH6.8, 8% (w/v) SDS , 0.08% (w/v) 
bromophenol-blue, 40% glycerol) supplemented with 10mM DTT was added to protein 
sample and boiled for 5  minutes.  
The boiled protein samples, together with  protein marker were loaded into wells of 10% 
SDS-polyacrylamide gel prepared according to Sambrook (Sambrook and Russell, 2006) 
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or Mini-Protean TGX precast 4-15% resolving gel . The protein samples were resolved by 
electrophoresis in 1x running buffer (2.5mM Tris Base, 19.2mM glycine, 0.1% SDS).  The 
gel can then be stained with Instant Blue (Expedeon, USA) or used for Western Blot.  
Western blot 
Resolved protein on polyacrylamide gel was transferred onto Immobilon-P PVDF 
membrane (Millipore, USA) using the semi-dry method. The PVDF was cut according to 
size and wetted in 100% methanol. Whatman paper, PVDF membrane, polyacrylamide 
gel were pre-soaked in transfer buffer (48 mM Tris Base., 39 mM glycine, 20% methanol) 
before assembling into a sandwich in semi-dry transfer tank. Transfer was carried out by 
applying constant voltage of 20V to the transfer tank for 30 minutes. The PVDF 
membrane was then removed from the tank and inactivated in 100% methanol and 
allowed to air dry.  The membrane was then blocked with 5% BSA in PBS-0.1%TritonX-
100 (PBT) for 30 minutes to 1 hour before incubation in primary antibody diluted in 
blocking buffer at 4°C overnight. The membrane was then washed several times in PBT 
and further incubated with appropriate horse-radish peroxidase conjugated secondary 
antibodies (Pierce) (Invitrogen) for two hours at room temperature. The membrane was 
washed several times again in PBTw and subjected to chemilluminescent detection using 
Luminata Classico HRP substrate (Millipore, USA). The results were visualized by 
exposing the membrane to X-ray film (Fujifilm, Japan).  
Co-immunoprecipitation 
Whole cell lysates were harvested from BG3C2 cells by homogenizing the cells in 1x 
modified RIPA buffer (50mM Tris.HCl pH8.0, 150mM NaCl, 1% IGEPAL CA-630, 0.5% 
Sodium Deoxycholate) supplemented with 1x Complete protease inhibitor (Roche, 
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Germany) and 1x Phosstop protein phosphatase inhibitor (Roche, Germany). The lysates 
were cleared off insoluble fractions and debris by centrifugation at 16,000g, 1min. The 
protein concentrations of the lysate were determined using Bradford Ultra assay 
(Expedeon, USA) and diluted to a concentration of 1µg/µl. Antibodies were added to a 
dilution of 1:100 and incubated at 4°C for 3 hours. Protein A/G agarose beads (Roche, 
Germany) were washed with 1x modified RIPA and added to the cell lysates and allowed 
to bind at 4°C for a further 30 minutes. The beads were then collected by centrifugation 
at 1000g, 1min and washed several times with 1x modified RIPA. Proteins bound onto 
the beads were then eluted by boiling the beads with 1x protein loading dye for 5 
minutes.  
Immunohistochemistry 
List of antibodies used 
The following antibodies were used in this study: Rabbit anti-Clu (1:1000, Custom made 
for this study, Genscript, USA); Rabbit anti-Pdm-1 (1:1000, Custom made, Yang 
Xiaohang); Rat anti-Elav (1:5, Clone Elav-9F8A9, Development Studies Hybridoma Bank, 
USA); Mouse anti-Mira (1:50, Gift from Fumio Matsuzaki, Riken Center for 
Developmental Biology, Chuo-ku, Kobe, Japan), Rabbit anti-Mira (1:1000, Gift from Yu 
Cai, Temasek Lifesciences Laboratories, Singapore); Guinea pig anti-Numb (1:1000, Gift 
from James B. Skeath, University of Washington, USA); Rabbit anti-PKC zeta (C-20) 
(1:1000, sc-216, Santa Cruz, USA); Mouse anti-ATP synthase subunit alpha (1:1000, 
MS507, Mitosciences, USA).  
Secondary antibodies used were: FLUORESCEIN (FITC) AffiniPure Goat Anti-Mouse IgG 
(H+L) (1:200, 115-095-003, Jackson Immuno, USA); FLUORESCEIN (FITC) AffiniPure Goat 
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Anti-Rabbit IgG (H+L) (1:200, 111-095-003, Jackson Immuno, USA); Cy3 AffiniPure Goat 
Anti-Mouse IgG (H+L) (1:1000, 115-165-003, Jackson Immuno, USA); Cy3 AffiniPure Goat 
Anti-Rabbit IgG (H+L) (1:1000, 111-165-003, Jackson Immuno, USA); Cy3-AffiniPure Goat 
Anti-Guinea Pig IgG (H+L) (1:1000, 106-165-003, Jackson Immuno, USA); Cy3 AffiniPure 
Goat Anti-Rat IgG (H+L) (1:1000, 112-165-003, Jackson Immuno, USA).  
Whenever required, TO-PRO-3 Iodide (1:1000 – 10,000, T3605, Invitrogen, USA) was 
used for staining of DNA. 
Immunofluorescence staining of larval brains 
Dissected larval brains were fixed in 3.8% formaldehyde (Kanto Chemicals) in PBT with 
0.1M Hepes for 15 minutes.  They were then washed 3 times in PBT, 10 minutes each. 
The brains were then blocked in 3% BSA in PBT for at least 30 minutes and incubated 
with the desired primary antibodies diluted in appropriate dilutions in blocking solution 
overnight at 4°C with gentle rotation. The brains were then washed 3 times with PBT 
before incubating with appropriate secondary antibodies conjugated with FITC or Cy3 
fluorophore (Jackson Immunos, USA) diluted in blocking solution at room temperature 
for two hours with gentle rotation. The brains were then washed several times with PBT 
and further stained with TO-PRO-3 dye (Invitrogen, USA) during the last wash for 15 
minutes. PBT was then thoroughly aspirated and the brains were stored in Vectorshield 
(Vectorlabs, USA) until they are ready to be mounted and visualized.  
Immunofluorescence staining of pupal notum 
Dissected pupal nota were fixed in 3.8% formaldehyde (Kanto Chemicals) in PBT with 
0.1M Hepes for 15 minutes.  They were then washed 3 times in PBT, 10 minutes each. 
The pupal notum were then blocked in 3% BSA in PBT for at least 30 minutes and 
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incubated with the desired primary antibodies diluted in appropriate dilutions in 
blocking solution overnight at 4°C. The pupal notum were then washed 3 times with PBT 
before incubating with appropriate secondary antibodies conjugated with FITC or Cy3 
fluorophore (Jackson Immunos, USA) diluted in blocking solution at room temperature 
for two hours, before they were washed several times with PBT. PBT was then 
thoroughly aspirated and the brains were stored in Vectorshield (Vectorlabs, USA) until 
they are ready to be mounted and visualized.  
clueless 
 
48 | P a g e  
 
Chapter 3: clueless  
Introduction 
Stem cell renewal aims to generate cell diversity by performing asymmetric cell division 
to produce two daughter cells, one of which remained as a stem cell and the other with 
a specific cell fate to differentiate. Tight regulation is required so that there is constant 
regeneration of the stem cells as well as continuous production of committed cells to 
form or generate majority of the cells that make up the tissue or the organ. Asymmetric 
cell division is well studied in the model organism Drosophila neuroblast and sensory 
organ precursor. The Par complex, which consists of Par6, aPKC and Baz assembles at 
the apical cortex of the neuroblasts to first set up the apical-basal polarity axis (Rolls et 
al., 2003; Hutterer et al., 2004) and direct assembly of Insc, Pins, Mud, Gαi and Loco 
(Kraut et al., 1996; Yu et al., 2005; Izumi et al., 2006; Siller et al., 2006; Nipper et al., 
2007). Together they direct the segregation of cell fate determinants such as Numb, Pon, 
Mira, Pros and Brat to localize as a basal crescent in the cell such that they would be 
inherited by only one of the daughter cells (Rhyu et al., 1994; Hirata et al., 1995; Shen et 
al., 1997; Bello et al., 2006; Lee et al., 2006c; Harris et al., 2011). Although work has 
been done to show that this asymmetric segregation centres around the 
phosphorylation of Numb and Mira by aPKC to exclude them from the cell cortex (Wirtz-
Peitz et al., 2008; Atwood and Prehoda, 2009), we are confident that there are more 
regulators and players to this process. Hence we set out on a large scale RNAi screen for 
novel candidates that could participate in this process.  
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The Drosophila embryo neuroblast, larval brain neuroblast, and sensory organ 
precursors are the three main systems used currently in Drosophila to study asymmetric 
cell division. Although these three systems differ slightly from each other, they 
essentially utilize similar protein complexes to perform asymmetric cell division (Figure 8) 
(Chia and Yang, 2002). Hence, we used the sensory organ precursors as a primary system 
for large scale RNAi screening for genes to be involved in asymmetric cell division.  
The adult Drosophila melanogaster notum consists of macro- and micro-chatae which 
are developed from the sensory organ precursor (SOP) cells. Asymmetric cell division of 
the SOP pI cell involves the segregation of Numb to only one of the daughter cells. The 
daughter cell that did not receive Numb, termed as pIIa cell will assume non-neuronal 
fate and further divide to form the hair and socket cells which are Pou Domain Protein-1 
(Pdm-1) positive. The other daughter cell which receives numb will assume neuronal 
fate and further divide to form a glial cell and a pIIIb cell, which would once again divide 
to give a sheath cell, and a single Elav positive neuron (Figure 9) (Roegiers et al., 2001). 
Perturbations in this process would result in phenotype such as duplication or missing 
bristles or duplication of sockets which is easily and clearly visible in the adult progeny 
flies, thereby facilitating the genetic screen.   
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Figure 8: Schematic diagram showing localization of Par complex proteins, Pins and Gαi, cell 
fate determinants Pon and Numb in the neuroblast and sensory organ precursor 
clueless 
 
51 | P a g e  
 
 
Figure 9: Schematic diagram showing division of SOP to give rise to socket, hair, glial, sheath 
and neuron cells.  
 
 clueless was identified in an RNAi screen to be involved in 
asymmetric cell division of the adult sensory organ precursor.  
Although previous work had already identified many apically localized proteins as well as 
basally localized cell fate determinants, how they are regulated and if there are presence 
of intermediate players remains unclear. Hence, we conducted a large scale screen for 
potential novel candidate genes that are involved in asymmetric cell division.   
In a large scale genetic screen conducted in our lab, UAS-RNAi male flies were crossed to 
either scabrous (sca) -GAL4,UAS-dicer2 or worniu (wor) -GAL4,UAS-dicer2  virgin flies and 
the progeny of the cross were screened for phenotype such as missing or duplicated 
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bristles in the notum, or mislocalized Miranda in the third instar larval brain. Potential 
candidates identified were selected for further studies.  
Over 200 potential candidates were identified by Dr. Lin Shuping in the screen. I 
conducted secondary screens and further studies for 30 selected candidate genes to 
determine if they are involved in asymmetric cell division, either in the larval brain 
neuroblast or sensory organ precursor. I observed that RNAi knockdown of clueless 
caused bristles missing in the notum of the adult flies (Figure 10A).  
 I then dissected of the notum of the progeny knockdown flies and stained the notum 
with anti-Pdm1 which labels the socket cells and anti-Elav which labels the neurons. The 
staining revealed that some of the cell clusters in the progeny of UAS-clu RNAi x sca-
GAL4, UAS-Dicer2 contain 2 Elav positive cells instead of one Pdm-1 positive cells and 
one Elav positive cells as observed in wild type cell cluster. This indicates that missing 
bristles observed are due to defective pI cell division, resulting in formation of two pIIb 
cells instead of one pIIa cell and one pIIb cell (Figure 10B). 
I also dissected the third instar larval brain of the progeny of UAS-clu RNAi  x wor-GAL4, 
UAS-Dicer2 and find that some of the neuroblast have cytoplasmic mislocalization with a 
weak basal crescent of Mira (Figure 10C).  
These results prompted us that clu may indeed play a role in the process of asymmetric 
cell division, in either the sensory organ precursor or the larval brain neuroblast. 
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Figure 10: RNAi 
knockdown of clu (CG8443) 
in adult notum (A, B) and 
in larval brain neuroblasts 
(C).  
Knockdown of clu in adult 
notum caused missing 
macrochatae (A) due to 
defect pI division (B). The 
wild type cluster 
contained two Pdm-1 
positive cells and one Elav 
positive cell (*) while the 
bristle missing cluster 
contained two Elav 
positive cells (**) 
indicating that the bristle 
missing phenotype was 
caused by defective pI 
division to produce two 
pIIb cells instead of one 
pIIa and one pIIb cell. 
Knockdown of clu larval 
brain neuroblasts caused 
low percentage of Mira 
mislocalization (C).  
clueless 
 
54 | P a g e  
 
clueless 
clueless (CG8443) is located on chromosome 2R and  encodes for a 1448 amino acids 
protein. The biological functions of clu in asymmetric cell division is unknown.  clu mRNA 
is maternally deposited in the embryo. Embryonic expression of clu is very low in stages 
4-6 and from stages 7-16, expression is found mainly in the pole cells and mesoderm.  
To determine the expression and localization of Clueless, we designed and generated 
custom anti-peptide antibodies against Clueless amino acid 69-83, KKKGKKNRNKSPTEC. 
This antibody can recognize a band of approximately 160kDa for whole embryo lysate 
and whole larval lysate. We could also detect this band for larval brain lysate of yw third 
instar larvae but not in that of the clu169 null mutant (Figure 11). I stained yw third instar 
larval brains with the anti-Clu antibody generated together with anti-Deadpan which 
labels all neuroblasts. I observed that in the third instar larval brain, all neuroblasts in 
the central brain lobes which are Deadpan positive are also Clu positive. This staining is 
clearly absent in the clu169 mutant, indicating that the staining is specific (Figure 12).  
I also stained yw third instar larval brain with both anti-Clu and anti-Mira and observed 
the neuroblast under higher magnification. I observed that Clu was present in the 
cytoplasm of the interphase neuroblast. During the prophase stage of cell division, Clu 
remained in the cytoplasm. As the cell progressed into metaphase with nuclear 
membrane breakdown, Clu remained in the cytoplasm of the cell but had very low levels 
in the mitotic spindle apparatus. Finally during telophase, I observed that Clu was 
preferably segregated to the bigger neuroblast daughter cell while the smaller ganglion 
mother cell had lower levels of Clu (Figure 13).  
clueless 
 
55 | P a g e  
 
I also stained yw embryos with anti-Clu, but I failed to detect any staining in the 
embryonic neuroblasts. However, I could detect staining in the muscles of the embryo 
(Data not shown).  
The specific localization of Clu in the larval brain neuroblast prompted us that clu may 
indeed play a role in the asymmetric cell division or the self-renewal of larval brain 
neuroblast. In particular, the preferential segregation of Clu to the bigger neuroblast 
after telophase further increases the likelihood that Clu does play a key role in the 
process of asymmetric cell division or self-renewal.  Hence, we proceeded to generate 
deletion mutation of clu to study if clu indeed does play a role in the abovementioned 
processes.  
 
Figure 11: Western blot analysis of whole embryonic lysate, whole larval lysate, whole larval 
brain lysate of yw and clu169.  
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Figure 12: Anti-Clu (FITC) and anti-Deadpan (Cy3) staining of third instar larval brain of yw (A) and clu169(B).  
The anti-staining co-localized with the anti-Deadpan staining which stains the neuroblasts in yw larval brain. The anti-Clu staining is not present in the 
clu169 mutant brain, showing that the staining is specific. 
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Figure 13: Anti-Clu (FITC) and anti-Mira (Cy3) 
staining of yw third instar larval brain 
neuroblasts in interphase, prophase, 
metaphase and telophase.  
Clu is localized in the cytoplasm of the 
neuroblasts during interphase and prophase. 
During metaphase, Clu is also localized to the 
cytoplasm but has lower levels in the spindle 
apparatus. During telophase, Clu is localized in 
the bigger neuroblast daughter cell but there 
is lower levels in the GMC daughter cell.   
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Generation of clueless mutant 
In order to study the function of clueless, there was a need to generate deletion mutant 
of clueless. I obtained a P-element insertional mutant, P(Supor-P)CG8443 from 
Bloomington Stock Center which carries an insertion of transposon Supor-P inserted in 
the first intron of the gene (w67c23; P(Supor-P)cluKG02346) and crossed this line with 
transposase Δ2-3 and rebalanced male progenies with mosaic eyes before setting up 170 
individual lines. I picked up three alleles, clu42x, clu44x and clu169x, for study.  
clu42x, clu44x and clu169x were all lethal at the third instar larval stage or during early 
pupation. Larvae homozygous for these three alleles appeared only 7-10 days after egg 
laying. These larvae were normal in size but their brains were about 3 times bigger than 
the normal third instar larval brain.  
I dissected the larval brains for the homozygous larvae for alleles clu42x, clu44x and clu169x 
and stained them for Mira and Numb. Under confocal microscope, I observed that the 
larval brains of clu42x, clu44x and clu169x have numerous Mira positive neuroblasts. Mira 
and Numb were mislocalized into the cytoplasm or spindle in a very high percentage of 
the neuroblasts observed. 
However, when I crossed the mutant flies to deficiency line (Bloomington 3520), 
wa Nfag ; Df(2R)Jp8, w+/CyO,  that has breakpoints: 2R:11946618--
11987565;12212018—12224070, I find that only  clu44x/Df(2R)Jp8, and clu169x/Df(2R)Jp8  
were lethal while clu42x/Df(2R)Jp8 was viable. In addition, the larval brains of 
clu44x/Df(2R)Jp8, and clu169x/Df(2R)Jp8 were normal in size. I stained them with anti-Clu 
and anti-Mira and observed that although the third instar larval brains of 
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clu44x/Df(2R)Jp8, and clu169x/Df(2R)Jp8 were negative for anti-Clu staining, there was a 
normal number of neuroblasts in the brains. Mira in these neuroblasts were mostly 
basally localized with only a small percentage of mislocalization. This signifies that the 
phenotype of expansion of neuroblast and mislocalization of Mira and Numb was due to 
background mutation that was present in all the three alleles, clu42x, clu44x and clu169x. 
As the phenotype of expansion of neuroblast and mislocalization of Mira and Numb 
resembles that of a lethal(2) giant larva (lgl)  mutant , I crossed the mutant flies carrying 
the alleles  clu42x, clu44x and clu169x to lgl4. I observed that clu 42x / lgl4, clu44x/ lgl4 and 
clu169x/lgl4 were all lethal at the third instar larval or early pupa stage. The larvae also 
had giant brain lobes. This showed that the mutant flies indeed carried a background 
mutation in lgl. The background mutation may be a weaker allele which explained the 
observations that homozygous larvae for clu42x, clu44x and clu169x had normal larva size.  
I then fine-mapped the alleles clu42x, clu44x and clu169x.  I amplified the entire gene region 
of clu in the three alleles and sequenced the PCR product. I found that allele clu42x had a 
precise excision of the P(Supor-P) P element.  clu44x had an imprecise excision of the 
transposon, leaving behind approximately 5kb of the P-element at the original site of 
insertion. clu169x also had an imprecise excision of the transposon which resulted in the 
deletion of 2nd, 3rd, 4th, 5th and part of the 6th exon while approximately 500bp of the 
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Figure 14: Diagram showing gene span and transcript of clu and clu alleles: KG02346, 42x, 44x, 
169x and 169.  
The P-element P(Supor-P) is inserted in the first exon of the gene. clu42x  had a precise excision 
of the P(Supor-P) P element, clu42x had approximately 5kb of the P-element left behind and 
clu169  or clu169x had a deletion of the 2nd, 3rd, 4th, 5th and part of the 6th exon while 
approximately 500bp of the transposon was left behind at the original site of insertion.  
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clu169 mutant is semi lethal 
We removed the lgl background mutation from clu169x by outcrossing to yw flies before 
rebalancing the recombinant progeny with balancer chromosomes that expresses GFP. 
The lines were then separately crossed to deficiency line wa Nfag ; Df(2R)Jp8, w+/CyO,  
and lgl4/CyoGFP mutant. I selected for lines carrying the deletion allele which are lethal 
when crossed to the deficiency line but viable when crossed to lgl4 mutant. I further 
confirm the presence of the deletion allele by single fly PCR. The deletion allele obtained 
was re-termed clu169. 
Flies homozygous for clu169 were semi-lethal. They had delayed larval development and 
the homozygous third instar larvae only appeared 10-14 days after egg laying. The larvae 
could pupate and subsequently hatch to form adult flies. However, I observed that these 
adult flies were weak. They had a short life span of about 3-7 days (Figure 15A). Both 
male and female flies were sterile.  They were unable to fly and could only move around 
with slow crawling. They did not respond to external stimuli such as tapping of vials. 
When subjected to a climbing test, clu169 mutants have a score of 0% (Figure 15B).  
These findings correspond to data later published by Cox and Spradling (Cox and 
Spradling, 2009).  
The bristles of the homozygous adult flies were however, normal. This indicates that the 
bristle phenotype that I observed in the RNAi screen may have been an off-target effect 
or perdurance of the Clu protein.  
I genetically recombined clu169 with genomic insertions obtained from CHIORI BacPac 
library, CH322-72F14, CH322-40O09 and CH322-54A14 (Figure 16). Genomic fragment 
CH322-72F14 could rescue the lethality and sterility phenotype of clu169 while CH322-
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40O09 and CH322-54A14 were unable to. This shows that the deletion in clu169 was 
indeed responsible for the phenotype observed.   
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Figure 15: Chart showing the lifespan of yw and clu flies after hatching (A) and climbing score of yw, parkin1 and clu mutants (B).  
clu mutants have a short lifespan of only 3-7 days and have a climbing score of zero.  
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Figure 16: Diagram showing coverage of genomic fragments and clu gene.  
Genomic fragment CH322-72F14 can rescue the lethality and sterility phenotype of clu169 while  CH322-40O09 and CH322-54A14 were unable to. 
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clu169 mutants display a weak phenotype of mislocalized Miranda 
Although clu169 did not exhibit any bristle formation defects, we were still interested to 
find out if the larval brain neuroblasts of the homozygous third instar larval have any 
mislocalization of cell fate determinants such as Numb and Mira. I dissected the third 
instar larval brains of the homozygous clu169 and stained them with anti-Mira and anti-
Numb.  
Of the 73 neuroblasts with clear defined metaphase DNA, I observed that 10.8% (or 8 
neuroblasts) had mislocalization of Numb and Mira. The Mira in these cells were either 
cytoplasmic, or cytoplasmic with a weak crescent. The Numb in these cells were either 
cortical or have an extended basal crescent (Figure 17). However, during telophase, 
there is presence of telophase rescue whereby both Mira and Numb re-localize and 
were asymmetrically segregated to the smaller GMC mother cell (Data not shown).  
Although there was a very small percentage of mislocalization of cell fate determinants 
for the larval brain neuroblasts of the clu mutant during metaphase, there was absence 
of tumor formation phenotype in the larval brain. This may be accounted by the fact 
that there is telophase rescue to re-localize the cell fate determinants properly and 
segregate them only to the GMC; hence, the GMC would be able to receive enough 
Numb and Mira to then differentiate and not remain as a neuroblast. In addition, the 
very low percentage (10.8%) of mislocalization could also account for the fact the larvae 
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Figure 17: Anti-Mira 
(FITC) and anti-Numb 
(Cy3) staining of yw 
(A) and clu169(B and C) 
third instar larval 
brain neuroblasts and 
percentage of 
mislocalization (D). 
 Mira and Numb form 
a wild type basal 
crescent in all yw 
neuroblasts (n=25) 
while in the clu169 
homozygous mutant, 
10.8% of the 
neuroblast (n=73) had 
Mira mislocalized into 
the cytoplasm while 
Numb is cortical (B) or 
Mira mislocalized into 
the cytoplasm with a 
weak basal crescent 
while Numb has an 
extended crescent (C).  
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Mutations in clu rescue the tumor formation phenotype and 
mislocalization of cell fate determinants in lgl mutants.   
From observations made in the revertant lines clu42x, clu44x and clu169x, which carried a 
background mutation of lgl, I found that the larval brain size of homozygous clu42x was 
bigger than that of clu44x, which in turn was bigger than that of clu169x. The P-element 
line used to generate the deletion mutants also had a similar phenotype of giant larval 
brain lobes with multiple neuroblasts like that of clu44x, indicating that the background 
mutation in the lgl gene came from the P-element line. This meant that all three 
revertant lines should carry the same lgl mutation, and the difference in the size of the 
brains led us to hypothesize that clu may genetically interact with lgl. Furthermore, I 
observed that there is a higher percentage of neuroblasts with wild type basal crescent 
of Mira in that of clu169x.  Hence, I hypothesized that the deletion of clu may actually 
rescue the mislocalization of cell fate determinants and the tumor formation phenotype 
in lgl mutants.  
In order to verify my hypothesis, we regenerated lgl clu double mutant. Since we did not 
know the nature of the lgl mutant allele that was present in the original revertant lines, 
we decided not to use the lines clu42x, clu44x and clu169x for study. Instead, we 
recombined clu169 with lgl null allele, lgl4.  
The lgl clu (lgl4, clu169) double mutant, like a homozygous lgl null mutant, was lethal at 
larval stages. This meant that deletion of clu was unable to rescue the lethality of lgl 
mutants. The homozygous third instar larvae of the double mutant also appeared later 
than wild type and they were bigger in size than the wild type yw third instar larva but 
smaller than the lgl mutant larva. Although the size of clu mutant third instar larval 
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brains were not significantly smaller than that in yw, the size of lgl clu third instar larval 
brains were significantly smaller in diameter than that in lgl (Figure 18).  
I dissected the larval brain lobes of the third instar larvae of the lgl single mutant and lgl 
clu double mutant and stained them for cell fate determinants, Mira and Numb. In the 
lgl mutant larval (lgl1/lgl4), 90%(n=50) of the neuroblasts in metaphase have mislocalized 
Mira and Numb. Mira in the neuroblasts of these single mutants were mislocalized into 
the cytoplasm and could be found on the spindle in some neuroblasts. Numb was also 
found to be cortical in these neuroblasts. Approximately 10% (n=50) of the neuroblasts 
had basally localized Numb and Mira. These findings were similar to that found earlier 
by various groups. (Rolls et al., 2003; Lee et al., 2006b). In the neuroblasts of the lgl clu 
double mutant however, I saw that the percentage of neuroblasts with mislocalized 
Numb and Mira decreased to 27.7% (n=83) while the percentage of neuroblasts with 
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Figure 18: Size of yw, clu, lgl single mutants and lgl clu double mutant third instar larval brain.  
The size of the brain of the lgl clu double mutant is bigger than the yw larval brain but smaller than that of the lgl single mutant. 
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Figure 19: Anti-Mira (FITC) and anti-Numb (Cy3) staining of lgl single mutant (A) and lgl clu double mutant (B) third instar larval brain neuroblasts and 
percentage of basal and mislocalized crescent (C).  
In 90% (n=50) of the neuroblasts in lgl mutants, Mira is mislocalized into the cytoplasm or spindle of the neuroblasts while Numb is cortical (A). In lgl clu 
double mutant, however, this percentage of mislocalized Mira and Numb is reduced to 27.7% (n=83) and 72.3% of the neuroblasts form wild type basal 
crescent for Mira and Numb (B). 
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Deletion of clu rescues lgl mutant phenotype by down-regulation of 
aPKC.  
lethal(2) giant larvae, lgl,  was one of the earliest identified tumor suppressor genes in 
the Drosophila melanogaster.  Lgl functions in the neuroblasts primarily by inhibiting 
excessive phosphorylation of cell fate determinants by aPKC. In the neuroblasts, upon 
onset of mitosis, Aurora A would phosphorylate Par6. This would then relieve the 
inhibition of the activity on aPKC, allowing aPKC to self-phosphorylate. This Par6-aPKC 
complex can either bind to Lgl and remains inactive or bind to Baz and becomes active. 
The active Par6-aPKC-Baz complex would then have the capability to phosphorylate cell 
fate determinants such as Numb and Miranda and exclude them from the apical cortex 
(Wirtz-Peitz et al., 2008). Further evidence also suggested that this phosphorylation of 
cell fate determinants, in particular, Numb, is important for their inactivation (Nishimura 
and Kaibuchi, 2007). Hence, a balanced equilibrium between the Par6-aPKC-Baz active 
complex and the Par6-aPKC-Lgl inactive complex is required in the neuroblasts for 
phosphorylation of cell fate determinants so that they are localized to the basal cortex 
and only the activated form would be inherited by the smaller GMC, marking it for 
differentiation while the larger daughter cell remained as a neuroblast. In lgl mutants, 
the lack of Lgl to buffer the activity of active Par6-aPKC-Baz complex, the equilibrium is 
shifted towards the active complex causing hyper-phosphorylation of cell fate 
determinants and caused them to be unable to form a basal crescent. Mira would 
mislocalize into the cytoplasm and spindle of the cell while Numb would mislocalize 
uniformly to the cortex of the cell. The hyper-phosphorylated Numb may also lose its 
activity. Hence, during division, the smaller GMC cells do not receive enough threshold 
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of cell fate determinants to inhibit pathways such as Notch pathways and remained as a 
“stem cell like” cell. This causes the division to produce two neuroblasts or neuroblast-
like cells instead of a single one, and both cells have the capability to divide again to 
produce another two neuroblasts cells. There would be an uncontrolled expansion of 
neuroblasts, thereby causing the tumor formation phenotype of lgl mutants.  
Previous work done by Cheng-Yu Lee and colleagues had showed that by removing one 
or both copies of aPKC in the lgl mutant, hence decreasing the gene dosage of aPKC, 
they were able to rescue the cell fate determinant mislocalization phenotype  in the 
embryonic neuroblasts of lgl mutants as well as decrease the size of the brain lobe of 
the third instar larval brain (Lee et al., 2006b). This showed that by decreasing the levels 
of aPKC protein in the lgl mutant brain, there is lower amount of active Par6-aPKC-Baz 
active complex and this most likely decreases the level of phosphorylation of the cell 
fate determinants like Numb and Mira. The decreased level of phosphorylation then 
allows the basal localization of Numb and Mira which could be subsequently inherited 
by the GMC, leading them to a differentiation fate.  
In the lgl clu double mutant, there was a restoration of basal localization of cell fate 
determinants Numb and Mira. This prompted me that there may be a possibility that 
deletion of clu decreases the levels of aPKC in the lgl mutants, thereby causing the 
rescue phenotype. Hence, I performed a Western Blot on the whole larval brain lysates 
of clu and lgl single mutants and lgl clu double mutant.  
I found that as compared to lgl single mutants, the level of phosphorylated aPKC (p-aPKC) 
and total aPKC were lower in the lgl clu double mutant (Figure 20A). I measured the 
intensity of both aPKC and p-aPKC bands in all four lanes and normalized them to the 
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respective intensity of the actin bands before expressing them as a ratio to the intensity 
of yw larval brain extract. I can see that for the total aPKC, there is a slight decrease in 
levels in clu mutants as compared to yw while total aPKC remained relatively unchanged 
(Figure 20B). However, for lgl clu double mutant, there is decrease in levels of both total 
and phosphorylated aPKC (Figure 20B).  In order to exclude the possibility that the 
observed decrease in levels of p-aPKC and aPKC in the lgl clu double mutant as 
compared to the lgl single mutant was due to the difference in the number of 
neuroblast found in the double and single mutant, I analysed the whole cell lysates of 
BG3C2 cells. I chose BG3C2 cell lines because the cell line was cloned from the brain 
ventral ganglion of late third instar larvae and would have similar properties to the third 
instar larval brain (Ui et al., 1994).  I knocked down either lgl, clu, or both lgl and clu in 
the BG3C2 cells using double stranded RNA and analysed the whole cell lysates 4 days 
after double stranded RNA treatment. I observed that the levels of Lgl and Clu were 
decreased in the whole cell lysates after respective double stranded RNA treatment, 
indicating that the knockdown was effective. Similar to that of whole larval brain lysates, 
Western blot on the whole cell lysate of BG3C2 cells with both lgl and clu knockdown 
caused decrease of both p-aPKC and total aPKC as compared to lgl single knockdown or 
mock treatment. This clearly indicates that observed decrease in levels of p-aPKC and 
total aPKC in the lgl clu double mutant is not due to the decrease in the number of 
neuroblasts.  
These results clearly suggest that deletion of clu in lgl mutant down-regulates the level 
of aPKC, thereby decreasing the amount of active Par6-aPKC-Baz complex. This then 
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prevents the hyper-phosphorylation of cell fate determinants Numb and Mira, enabling 
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Figure 20: Western blot analysis for whole larval brain lysate of yw, clu, lgl and lgl clu (A) and 
the corresponding intensity ratio (B).  
The levels of phosphor-aPKC and aPKC in lgl clu double mutant is lower than that of lgl single 
mutant.  
 
Figure 21: Western blot analysis of BG3C2 whole cell lysate that is untreated, treated with SK 
dsRNA, clu dsRNA, lgl dsRNA and lgl and clu dsRNA.  




76 | P a g e  
 
Down-regulation of aPKC in lgl clu double mutant does not rescue 
the mislocalization of aPKC.  
Lgl not only acts as a molecular buffer to restrict the amount of Par6-aPKC-Baz active 
complex, it is also required to exclude aPKC from the cytoplasm and prevent its 
mislocalization. Previous work done by Cheng-Yu Lee and colleagues had shown that 
aPKC was mislocalized in approximately 50% of the lgl third instar larval brain 
metaphase neuroblast. aPKC in these neuroblasts showed an ectopic cortical 
mislocalization. However, during telophase, aPKC relocalized back to the apical side and 
appeared normal. (Lee et al., 2006b)  
After establishing that deletion of clu down-regulates the protein level of aPKC in the lgl 
clu double mutant, I wanted to find out if this down-regulation also affects the 
mislocalization of aPKC in the lgl mutants. I stained the third instar larval brains of yw, 
clu, lgl and lgl clu with anti-aPKC. I observed that in yw and clu, nearly all the neuroblasts 
had apically localized aPKC forming a nice crescent (96.8% for yw, n=31 and 93.8% for 
clu, n=48)(Figure 22A and B). I also observed that in lgl mutants, 51.2% (n=41) of the 
neuroblasts had mislocalized aPKC.  The aPKC displayed ectopic cortical localization as 
well as some cytoplasmic localization (Figure 22C). This corresponds to the findings 
made by Cheng-Yu Lee and colleagues.  
In the lgl clu double mutant however, I observed that 49.1% (n=53) of the third instar 
larval brain neuroblasts had mislocalized aPKC (Figure 22D), which is similar to that of lgl 
single mutant. This result showed that the deletion of clu does not rescue the aPKC 
mislocalization in lgl mutants.  
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Hence, the results clearly showed that Clu is not involved in the apical localization of 
aPKC. Deletion of clu, either alone or in the lgl mutants did not alter the localization of 
aPKC. This meant that the rescue of cell fate determinants localization in lgl clu double 
mutant was not due to the relocalization of aPKC to only the apical cortex during 
metaphase. Although there was a reduction in levels aPKC as shown by me earlier in lgl 
clu double mutants, the ectopic cortical aPKC remained mislocalized due to the absence 
of Lgl. The deletion of clu only reduced the overall levels of aPKC in the neuroblasts so 
that even when aPKC remained mislocalized in the double mutant, the activity of aPKC 
or Par6-aPKC-Baz active complex was still lower than that of lgl single mutant, thereby 
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Figure 22: Anti-aPKC (Cy3) staining of third instar larval brains of yw (A), clu (B), lgl (C) and lgl clu (D) with anti-aPKC and percentage  of apical and 
mislocalized aPKC (E and F).  
aPKC is apically localized in most yw and clu mutants neuroblasts but have ectopic cortical localization with weak cytoplasmic localization in lgl and lgl 
clu mutants. There is no significant difference in percentage  mislocalized between lgl and lgl clu. 
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Clu forms a complex with aPKC 
I had established that deletion of clu in lgl mutants causes a down-regulation of aPKC, 
thereby rescuing the mislocalization of cell fate determinants and tumor formation 
phenotype of lgl mutants. However, we are unclear of the mechanisms. Hence, we first 
want to determine if Clu and aPKC exist in the same complex. Although I had previously 
shown that Clu is mainly localized in the cytoplasm of the neuroblast, these two proteins 
may still potentially form a complex. 
We performed co-immunoprecipitation using anti-Flag antibody to pulldown Clu-3xFlag 
overexpressed in BG3C2 cells. The anti-Flag antibody could pull down the overexpressed 
Clu-3xFlag. We also detected that aPKC co-immunoprecipitated with Clu-3x Flag (Figure 
23A). We then proceeded on to co-immunoprecipitate endogenous Clu using anti-Clu 
antibody in BG3C2 whole cell lysates. We were able to detect aPKC in the 
immunoprecipitate using anti-Clu (Figure 23B). These results showed that Clu and aPKC 
were able to form a complex in vivo.  
 
Figure 23: Co-immunoprecipitation of Clu-3xFlag (A) and Clu (B) in BG3C2 cells.  
Both overexpressed and endogenous Clu can co-immunoprecipitate with aPKC.  
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Deletion of clu does not cause mitochondria clustering in the larval 
brain neuroblasts.  
Drosophila clu is evolutionary conserved and homologs are present in organisms such as 
slime mold, yeasts, C. elegans, mouse and even in humans. The function of clu however, 
was not well studied.  The only clue about the function of clu comes from the study of its 
homologs in the slime mold, Dictyostelium discoideum.  Deletion of the D. discoideum 
homolog of clu, cluA, in the organism causes mitochondria clustering in the cells. (Fields 
et al., 2002). Similar findings is also reflected in the study by Cox and colleagues where 
they find that deletion of clu causes mitochondria clustering in the muscles and ovary of 
the adult flies (Cox and Spradling, 2009).  
These results made us suspect that deletion of clu in lgl mutants may have also caused 
mitochondria clustering in the larval brain neuroblasts. The clustered mitochondria 
could have caused a lower supply of ATP to the cells and hence, cause a lower rate of 
phosphorylation to aPKC or cell fate determinants Numb and Mira.  
In order to determine if the mitochondria in the larval brain neuroblasts is also clustered, 
I stained the third instar larval brain neuroblasts with anti-ATP synthase subunit V to 
label the mitochondria. I observed that there was no sign of mitochondria clustering in 
the larval brain neuroblasts of the clu mutant (Figure 24). This result was unexpected 
since work done in the slime mold and in flies already showed that the deletion of clu 
would cause mitochondria clustering. We hypothesize that the mitochondria dynamics 
of the larval brain neuroblasts may differ from adult tissue such as muscles and ovary.  
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These results further point out that the rescue of basal localization of cell fate 
determinants by deletion of clu in lgl mutants is not a result of loss of structural integrity 
of the mitochondria. Hence, the lower levels of aPKC and p-aPKC in the lgl clu double 
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Figure 24: Anti-ATP synthase subunit V (Cy3) and anti-Mira (FITC) staining of yw(A) and clu169(B) third instar larval brain neuroblasts.  
The mitochondria labeled by anti-ATP synthase subunit V localization was not altered in clu mutant (B).   
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Down-regulation of aPKC in lgl clu double mutant is independent of 
transcription. 
I had established that deletion of clu in lgl mutants downregulates the amount of aPKC 
protein in the lgl mutants and that Clu and aPKC form a complex. However, this 
downregulation was not caused by structural integrity of mitochondria. Hence, I wanted 
to find out if the downregulation of aPKC in lgl clu double mutant is due to regulation in 
transcription.  
I first perform dsRNA treatment to knockdown clu, lgl or lgl and clu in BG3C2 cells for a 
period of 3-6 days. I then performed whole RNA extraction and quantitated the amount 
of aPKC mRNA present in the cell samples. 
I had previously detected decrease in levels of aPKC when cells were treated with both 
lgl and clu dsRNA (Figure 21). However, when I performed quantitative reverse-
transcription to detect the levels of aPKC mRNA, the level of the mRNA did not decrease 
from 3-6 days after knockdown in clu dsRNA, lgl dsRNA and lgl and clu dsRNA treated 
cells.  On the contrary, mRNA levels of aPKC increases about 1.2 to 1.4 folds across the 
three samples (Figure 25A, B and C). By comparing the aPKC mRNA levels in relation to 
clu or lgl or lgl and clu knockdown in 3 – 6 days after knockdown, I failed to detect any 
strong variations among the three sample (Figure 25D).  
The above results clearly suggest that the decrease in the level of aPKC that I observed 
was not due to the lower levels of aPKC transcript. This then excludes the possibility that 
Clu takes part in or affects the transcription of aPKC to produce the aPKC mRNA.  
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In addition, I observed that the levels of Lgl decreased after cells were treated with clu 
dsRNA (Figure 21). This decrease was not due to off target effects of the dsRNA as the 
knockdown of clu did not downregulate the levels of lgl mRNA. Similarly, the knockdown 
of lgl did not downregulate the levels of clu mRNA (Figure 25 E and F). A similar 
observation was also found on the whole larval brain lysate of clu mutants whereby 
there is a very slight decrease in the levels of Lgl as compared to yw (Figure 20). The 
implication of this decrease was unclear, but the decrease, like that of aPKC, was also 
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Figure 25: mRNA levels of aPKC, clu and lgl detected by real time PCR in BG3C2 cells treated with clu dsRNA (A, D and E), lgl dsRNA (B, D and F), and both 
lgl and clu dsRNA (C and D). Knockdown of clu, lgl or both does not decrease the levels of aPKC mRNA.  
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Deletion of clu also rescues phenotype caused by overexpression of 
aPKCCAAX in larval brain neuroblasts.  
As we know, the loss of Lgl caused a dynamic shift in the equilibrium of the balance 
between Par6-aPKC-Baz active complex and Par6-aPKC-Lgl inactive complex, causing 
increase in proportion of Par6-aPKC-Baz active complex that is capable of 
phosphorylation of cell fate determinants (Wirtz-Peitz et al., 2008). Overexpression of 
membrane bound form of aPKC, aPKCCAAX which renders it active is capable of pheno-
copy the effects of loss of Lgl (Lee et al., 2006b). We believed that the aPKCCAAX construct, 
which was introduced into the flies by transgenesis of modified cDNA construct, would 
be independent of transcriptional and translational control of the cell. Hence, I 
generated deletion of clu in flies overexpressing UAS- aPKCCAAX driven by worniu-Gal4 
driver. This allowed us to first determine if deletion of clu can also rescue the phenotype 
caused by overexpression of aPKCCAAX which mimics the phenotype of lgl mutants. This 
also allowed us to determine if clu acts independent of transcription and translation 
regulation of aPKC.  
I recombined clu with wor-GAL4 and UAS-aPKCCAAX respectively and crossed the two 
lines to obtained trans-heterozygotes of clu mutants overexpressing aPKCCAAX under the 
wor driver and compared the localization of Numb and Mira in these trans-
heterozygotes to that of the progeny of wor-GAL4 and UAS-aPKCCAAX. I find that wor-
GAL4/UAS-aPKCCAAX raised at 25°C for approximately 5 days have 86.4% (n=23) of the 
third instar larval brain neuroblasts with mislocalized Numb and Mira  while 13.6% (n=23) 
of the neuroblasts retained the wild type basal localization of Numb and Mira. However, 
when clu was deleted in genotype wor-GAL4, clu/UAS-aPKCCAAX , clu which was also 
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raised at 25°C but for approximately 10-15 days, the percentage of neuroblasts with 
basal localization of Numb and Mira increased to 70.6% (n=68) while the rest of them 
remained mislocalized (Figure 26).  
The ability of rescuing the phenotype of overexpression of aPKCCAAX by deletion of clu 
clearly suggested that Clu directly acts on aPKC protein. The downregulation of aPKC as 
seen in lgl clu was most probably independent of transcription and translation. In 
addition, since I found that Clu and aPKC formed a complex together, it further supports 
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Figure 26: Anti-Mira (FITC) and anti-Numb (Cy3) staining of wor-GAL4/ UAS-aPKCCAAX (A) and wor-GAL4, clu/UAS-aPKCCAAX , clu (B) third instar larval brain 
neuroblasts and percentage of basal and mislocalized crescent (C).  
In 90% (n=50) of the neuroblasts in lgl mutants, Mira is mislocalized into the cytoplasm or spindle of the neuroblasts while Numb is cortical (A). In lgl clu 
double mutant, however, this percentage of mislocalized Mira and Numb is reduced to 27.7% (n=83) and 72.3% of the neuroblasts form wild type basal 
crescent for Mira and Numb (B). 
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Clu is associated with the active Par6-aPKC-Baz complex 
I had so far established that the deletion of clu downregulates aPKC in lgl mutants in a 
manner that is independent of mitochondria structural integrity or transcriptional 
repression. It is more likely to directly act on aPKC since I had shown that Clu and aPKC 
forms a complex and that deletion of clu could also rescue overexpression of aPKCCAAX.  
Since Clu formed a complex with aPKC, it is very likely that it may form a complex with 
Baz and/or Lgl. To determine that, I performed co-immunoprecipitation using anti-Clu, 
anti-aPKC antibodies in whole cell lysates of BG3C2 cell line. I observed that anti-Clu was 
able to immunoprecipitate endogenous Clu. In addition, aPKC could be detected in the 
immunoprecipitate. Anti-aPKC, which was able to immunoprecipitate both 
phosphorylated and non-phosphorylated aPKC, was able to co-immunoprecipitate Clu, 
further confirming that Clu does indeed form a complex with aPKC. Lgl could be 
detected in the immunoprecipitate of anti-aPKC.  I was able to detect Baz in the 
immunoprecipitate of anti-Clu but not Lgl (Figure 27). To further confirm this, I 
overexpressed either 3xMyc, Baz-3xMyc or Lgl-3xMyc in BG3C2 cells and performed co-
immunoprecipitation using anti-Myc antibodies. I could detect Clu in the 
immunoprecipitate of Baz-3xMyc but not in that of Lgl-3xMyc. 
These results showed that Clu forms a complex with both aPKC and Baz, but not Lgl. 
Hence, it is highly likely that Clu forms a complex with the active Par6-aPKC-Baz complex 
but is absent in the inactive Par6-aPKC-Lgl complex. This is indeed surprising since Clu, 
which is cytoplasmic, would be predicted to interact and form a complex with Lgl, which 
also has both cytoplasmic and cortical localization during metaphase (Betschinger et al., 
2003) while Baz has an apical localization (Schober et al., 1999). However, this result 
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implies that Clu indeed is involved in the equilibrium of active Par6-aPKC-Baz complex 
and inactive Par6-aPKC-Lgl complex and the regulation of this equilibrium is most likely 
the mechanism to which deletion of clu can rescue the phenotype in lgl mutants.  
 




Figure 28: Co-immunoprecipitation of 3xMyc, Baz-3xMyc or Lgl-3xMyc overexpressed in BG3C2 
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Summary of results 
In this study, I have identified clueless from a RNAi screen to be a candidate gene that is 
involved in the asymmetric cell division. I showed that Clu is specifically expressed or 
enriched in the third instar larval brain neuroblasts and is localized to the cytoplasm of 
the cell. During telophase, Clu preferentially segregates to the apical neuroblasts, 
leaving low levels of it in the basal GMC.  
By generating the deletion mutant of clu, I also showed that loss of clu resulted in semi-
lethality of the flies, causing them to be sterile, flightless and have a very short lifespan. I 
also showed that deletion of clu resulted in a low percentage of mislocalization of cell 
fate determinants, Numb and Mira.  
I also showed that deletion of clu rescues the phenotype of mislocalization of cell fate 
determinants in lgl mutants. I find that deletion of clu in the lgl mutant down regulates 
the amount of aPKC protein in the lgl mutant, thereby rescuing it. I showed that this 
down regulation was not very likely to be caused by transcriptional regulation. I also find 
that mitochondria did not cluster in the larval brain neuroblasts of clu mutant, 
eliminating it as a possible cause of down regulation of aPKC. I also deleted clu in larvae 
overexpressing the membrane bound form of aPKC, aPKCCAAX and showed deletion of clu 
can also rescue the phenotype which resembles that of the lgl mutant caused by this 
overexpression.  
I also find that Clu forms a complex with aPKC and Baz, but not with Lgl, hence it is very 
likely that Clu only associates and forms a complex with the Par6-aPKC-Baz complex and 
regulates that stability and activity of the aPKC in the active complex (Figure 29).   
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Future work and direction 
Although I had shown in this study that Clu is involved in asymmetric cell division and 
the likely mechanism of Clu regulating asymmetric cell division is through interaction 
with the Par6-aPKC-Baz complex, there still lie many questions unanswered. One major 
unknown is the nature of Clu protein itself. We are still not clear how it binds to aPKC 
and Baz and if there are any enzymatic or catalytic functions in this association or 
binding.  
Clu itself contains two putative domains: a Clueless domain (CD) and a Tetratricopeptide 
repeat (TPR) domain (Cox and Spradling, 2009). The Clu domain is a region which is 
highly conserved between different orthologs of Clu. It shares a 85% identity with the 
human CLU (Cox and Spradling, 2009). The TPR domain is protein-protein interaction 
domain important for assembly of multiple protein complexes (Scheufler et al., 2000). 
Whether these two domains have any function in Clu is still unknown. I had generated 
various deletion constructs of Clu cloned into pUC18-act5p-3xFlag (Figure 30) and 
overexpressed them in BG3C2 cell line and performed co-immunoprecipitation. 
However, I found that the deletion of Clu domain, TPR domain or both domains did not 
alter the ability of Clu protein to co-immunoprecipitate with aPKC as CluΔCD-3xFlag, 
CluΔTPR-3xFlag and CluΔCDΔTPR-3xFlag were able to pull down aPKC (Figure 31).  
This result, however, was not conclusive since the domains predicted were putative. The 
span of the domains may not be limited to the small region predicted. Hence, more 
systematic deletion constructs are required to be generated in order to study if there 
are indeed functional or binding domains present in Clu.  
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Figure 30: Schematic diagram showing the protein of full length Clu, Clu ΔCD, Clu ΔTPR and Clu 
ΔCD ΔTPR.  
 
Figure 31: Coimmunoprecipitation of overexpressed control 3xFlag, Clu 3xFlag, Clu ΔCD 3xFlag, 
Clu ΔTPR 3xFlag and Clu ΔCD ΔTPR 3xFlag in BG3C2 cell lines.  
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clu had also been shown to genetically interact with parkin (park) by Cox and Spradling 
(Cox and Spradling, 2009). Indeed, adult clu mutants clearly displayed phenotype of 
neurodegeneration. They were flightless and crawled very slowly. Tremors are 
sometimes observed in their legs. However, the phenotype of clu mutants are still 
different from that of park mutants in some aspects. The onset of these movement 
phenotypes was as early as hatching in clu mutants while it took about 25 days for park. 
The climbing score of clu mutants was also considerably lower than that of park (Figure 
15B).  
Since clu and park genetically interact with each other, we were interested to find out if 
the deletion of park in lgl mutants would also rescue the mislocalization of cell fate 
determinants. In a preliminary study, I generated double mutants of lgl and park to 
determine if deletion of park in lgl mutant flies can also rescue the mislocalization of 
Numb and Mira as in the case of deletion of clu in lgl mutants. I observed that the lgl 
park mutant larvae had a very significant delayed development and appears much later 
than lgl single mutant larva. The third instar larval brain of lgl park is even smaller than 
that of lgl clu. Like lgl clu, I also observed rescue of localization of Numb and Mira in lgl 
park mutants (Figure 32) (Percentage undetermined).  
Though these preliminary findings may mean a very significant impact on the 
relationship between lgl clu and park, a lot more work needs to be done in order to 
confirm it. First and foremost we need to confirm if Park is expressed in the third instar 
larval brain neuroblasts. If it is, we need to check its localization. We also need to 
determine if Park forms a complex with either Clu, aPKC, Baz or even Lgl. A more 
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detailed analysis and study is required to determine the relationship and mechanism to 
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Figure 32: Anti-Mira (FITC) and anti-Numb (Cy3) staining of third instar larval brain of lgl mutant (A) and lgl park double mutant (B). 
 Deletion of park in lgl mutants rescues the mislocalization of Mira and Numb.  
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In addition to studies in Drosophila, another future work proposed is to study Clu in  
mammals such as mouse and even in humans.  Clu is an evolutionary conserved protein. 
Homologs of Clu can be found in yeasts, slime mold and even vertebrates such as mouse 
and humans. The mouse Clu and the Human CLU are both 54% identical and 72% similar 
to the Drosophila Clu. ClustalW analysis of Clu in these three species showed that they 
share much similarity and conservation (Figure 33).  Hence, it would be interesting to 
study if Clu homologs in mouse or in humans have similar functions. 
Unlike the park mutant flies which displayed signs of neurodegeneration, muscle 
degeneration and shorter lifespan, Parkin null mutant mice do not display any 
abnormalities in movement and lifespan despite the fact that their dopamine 
neurotransmission was affected (Itier et al., 2003). Hence, Clu mutant mouse could be 
generated to study if deletion of Clu would be able generate Parkinson’s disease like 
symptoms in the mouse and if it also genetically interacts with Parkin.  
In addition to studies in the mouse, samples could be obtained from patients suffering 
from Parkinson’s disease to profile if the human CLU gene has any altered expression 
profile in these patients. Last but not least, studies involving cancer cells and tumors can 
also include knockout or knockdown of CLU to determine if deletion of CLU could rescue 
the tumorigenesis or tumor progression phenotype.  
These studies may help to unravel if CLU has any function in humans and determine if it 
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Figure 33: ClustalW (http:// www.genome.jp/tools/clustalw) analysis of protein sequence of 
Drosophila Clu, Mouse Clu and Human CLU (* represent identical residues, : represent residues 
with strong similarities and . represent residues with weak similarities). 
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Chapter 4: Discussion 
The equilibrium of Par6-aPKC-Baz and Par6-aPKC-Lgl complex 
The primary aim of asymmetric cell division in neuroblasts is to basally localize cell fate 
determinants such as Numb, Pon, Miranda, Prospero and Brat to the basal cortex so that 
after cytokinesis, they would only be inherited by the GMC (Rhyu et al., 1994; Shen et al., 
1997; Bello et al., 2006; Bowman et al., 2008). Numb and Mira have been found to be 
phosphorylated by aPKC in the Par complex and this phosphorylation resulted in the 
apical exclusion of them (Wirtz-Peitz et al., 2008; Atwood and Prehoda, 2009). The 
optimal level of phosphorylation of Numb and Mira depends heavily on the equilibrium 
of two complexes, the active Par6-aPKC-Baz complex, and the inactive Par6-aPKC-Lgl 
complex. Studies so far had pointed Lgl as the major buffering molecule to maintain this 
equilibrium, with other phosphatases like PP4 and PP2A modulating the equilibrium or 
activity of the two complexes (Wirtz-Peitz et al., 2008; Chabu and Doe, 2009; Ogawa et 
al., 2009; Sousa-Nunes et al., 2009). There should be, however, additional molecules 
that help maintain this equilibrium in the Drosophila neuroblast.  
In my findings, I showed that Clu, a protein which is expressed in the larval brain 
neuroblasts, had a preferential binding to one of these two complexes. Although Clu can 
form a complex with aPKC and Baz, it cannot form a complex with Lgl. This is indicative 
of its participation in the maintenance or regulation of the equilibrium between the two 
complexes.   
 When there is disruption in the lgl gene, causing loss of Lgl, this shifts the equilibrium 
entirely to the Par6-aPKC-Baz complex, resulting in hyperphosphorylation and 
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subsequent mislocalization of Numb and Mira. But when clu is deleted from the lgl 
mutant, there is a rescue and Numb and Mira relocalize back to the basal cortex. This 
indicates that Clu does indeed regulate the equilibrium of the two complexes.  
From Western Blot analysis of whole larval brain lysate and knockdown BG3C2 cell lines, 
I confirmed that deletion of clu in lgl mutants reduced the levels of aPKC. The reduction 
was significant when we compare lgl mutant with lgl clu double mutant. However, this 
reduction is not very obvious when we compare the levels of both aPKC and 
phosphorylated aPKC in yw and clu mutants. This meant that deletion of clu reduced 
levels of aPKC which was high in proportion or levels in the lgl mutant, but not in wild 
type yw. Together with the finding that Clu could co-immunoprecipitate with Baz but not 
Lgl, it is very likely that deletion of clu caused a reduction in levels of aPKC that was 
bound to Baz specifically. However, since in lgl mutants larval brain lysate or knockdown 
cell lines, the levels of Clu did not decrease with the loss of Lgl, this meant that rather 
than maintaining the equilibrium of the Par6-aPKC-Baz and Par6-aPKC-Lgl equilibrium, 
Clu may function only to protect the Par6-aPKC-Baz complex. I speculate that in lgl 
mutants, although there is a loss of the important molecular buffer, the equilibrium of 
the two complexes remains highly shifted towards the Par6-aPKC-Baz active complex 
because Clu, which binds to that active complex, protects it from being perturbed by 
either dephosphorylation or degradation. Once this protective molecule is removed in 
lgl clu double mutant, there is dephosphorylation and degradation of the aPKC or the 
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clu mutant is protected by Lgl 
One may ask, if Clu is indeed involved in the maintenance of the Par6-aPKC-Baz active 
complex, why does deletion of Clu alone fail to generate any drastic phenotype? 
Deletion of clu only caused a low percentage of Mira and Numb mislocalization. The 
larval brain of clu did not form tumors and the mutant could even survive all the way to 
hatch as an adult, albeit it could only survive for 3-7 days. The key to that question may 
lie in its genetic interactor, lgl.  
In the Western Blot analysis of whole larval brain lysate and knockdown cell line lysate 
of clu, I observed that there was a slight decrease in the levels of Lgl in addition to a 
slight decrease in levels of aPKC as compared to yw or control. This means that in the clu 
mutant, there might be a lower level of the inactive Par6-aPKC-Lgl inactive complex. 
Hence, I believe that in clu mutant, the lack of Clu does indeed expose the Par6-aPKC-
Baz complex to perturbations such as dephosphorylation or degradation, but the Par6-
aPKC-Lgl complex is able to release the aPKC from it, allowing them to join the 
decreasing pool of active complex. Lgl is able to fulfill its role as a molecular buffer in the 
clu mutant, hence successfully maintaining the equilibrium of the active and inactive Par 
complex even in the absence of Clu to protect the Par6-aPKC-Baz complex.  
parkin and clu 
Parkinson’s disease is a neurodegenerative disease of the central nervous system. In 
individuals with Parkinson’s disease, there is massive loss of dopaminergic neurons 
which resulted in impairment in movement (Abou-Sleiman et al., 2006). Greene and 
colleagues had previously identified the Drosophila ortholog of parkin (park) and found 
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that there is defective flight muscles and loss of dopaminergic neurons in park null 
mutants (Greene et al., 2003).       
 Studies by Cox and Spradling had revealed that clu and park genetically interact with 
each other. Both clu and parkin had similar phenotype of mitochondria clustering in the 
follicle cells in the ovary and flight muscles, and adult flies heterozygous for both clu and 
park alleles also displayed similar mitochondria clustering phenotype (Cox and Spradling, 
2009).  
Preliminary work done by us had shown that deletion of park in lgl mutant also rescues 
the tumor phenotype and mislocalization of cell fate determinants in lgl mutant. In fact, 
the size of the larval brain of lgl parkin double mutant is even smaller than that of the lgl 
clu double mutant (My observations, data not shown). This raises the possibility that 
Parkin, like Clu, is also involved in the regulation and control of asymmetric cell division 
in the larval brain neuroblasts. However, this would need a more detailed study and 
analysis before we can answer the question if Parkin is indeed involved in asymmetric 
cell division of the neuroblasts, and if yes, is it dependent on Clu.  
The lack of mitochondria clustering 
Studies in the slime mold and in Drosophila melanogaster had already revealed that 
deletion of clu caused clustering of mitochondria (Fields et al., 2002; Cox and Spradling, 
2009). Particularly Cox and Spradling had already shown that there is mitochondria 
clustering in the muscles and ovary of the adult clu flies (Cox and Spradling, 2009). 
However, when I failed to detect any mitochondria clustering in the mitotic neuroblasts 
in larval brain of clu mutants. This might be due to the difference in regulation of 
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mitochondrial structural integrity in the adult tissue and the larval tissue. A separate set 
of mechanism may be utilized in the larval brain neuroblasts to ensure the mitochondria 
form a network where Clu is not involved. In addition, Clu is not expressed in the 
embryonic neuroblasts. This gives more support to the hypothesis that Clu does not 
govern mitochondria structural integrity of the neuroblasts since larval brain neuroblasts 
are reactivated embryonic neuroblasts after quiescence (Maurange and Gould, 2005). 
Previous studies by Pesah and colleagues had also revealed that the third instar larva of 
park mutants have musculature, indicating that Park is only required for muscles of the 
pupa and adult flies (Pesah et al., 2004). From this, we could also infer that Clu may also 
be like its genetic interactor, Park, whereby it is not required for mitochondria integrity 
in the larva but may be required for the pupa and adult flies.  
Clueless about clueless 
In addition to the function of mitochondria integrity, Clu also have a suspected function 
of translation initiation. This is inferred from work done by Vornlocher and colleagues 
where they identified the gene, TIF32, in yeast, Saccharomyces cerevisiae, and found 
that TIF32 encodes for a subunit of eukaryotic translation initiation factor 3A. In addition, 
they also reported that TIF32 shared 27% identity and 50% similarity to the D. 
discoideum homolog cluA (Vornlocher et al., 1999).  
However, from the ability of rescuing overexpression of aPKCCAAX, clu seemed to affect 
the levels of aPKC in the cell through a transcription and translation independent 
manner. There is very little evidence to indicate that Clu could participate in the 
translational regulation since it lacks RNA binding domains.  
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Other than translation initiation, clu was also suspected to a mild suppressor of the 
Janus Kinase (Jak)/ Signal Transducer and Activator of Transcription (Stat) pathway in a 
genome wide screen (Mukherjee et al., 2006). Although the Jak/ Stat signalling pathway 
is linked to growth control, survival, differentiation and even tumor progression 
(Bromberg, 2001), however, to date, there is little indication that the Jak/ Stat signalling 
is involved in asymmetric cell division. The closest indication is that Jak/ Stat signalling is 
involved in the maintenance of extrinsic cue of stem cell niche in Drosophila germ line 
stem cells (Yamashita, 2009). Whether Jak/ Stat signalling is also involved in the intrinsic 
mechanism of asymmetric cell division requires further studies to confirm.  
Neurodegeneration versus cancer  
Neurodegeneration and cancer had always been viewed as extreme opposites, the 
former having too much cell death, the latter having overproliferation of cells. As more 
and more studies are done on both processes, researchers start to find links between 
them. These two processes are often regulated by overlapping pathways like the JNK 
pathway and the JAK/ STAT pathway (Boudny and Kovarik, 2002; Weston and Davis, 
2002; Cha et al., 2005). An epidemiologic study by Inzelberg and colleagues had even 
shown that patients inflicted with Parkinson’s disease may have lower risks for cancers 
(Inzelberg and Jankovic, 2007), indicating how tightly linked neurodegeneration and 
cancers may have been.  
In this study, I had directly linked a gene that is possibly involved in neurodegenerative 
disease, clu, with a gene that is involved in tumor formation and progression, lgl. Both 
genes are expressed in the same cell and are involved in the same process. While loss of 
clu caused neurodegenerative disease symptoms like loss of flight and climbing ability, 
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loss of clu was also able to rescue the tumor progression phenotype in lgl.  Similar 
results may also apply to park and lgl as suggested by preliminary data. It highly raises 
the possibility that patients with neurodegenerative diseases such as Parkinson’s disease 
may have a lower risk of cancer because the loss of certain group of genes which caused 
the neurodegeneration may also impede tumor progression.   
While neurodegeneration involves excessive cell death and cancers involves over-
proliferation of cells, the rescue of tumor progression by loss of a gene involved in 
neurodegeneration would not be merely excessive cell death of cancerous cells. The 
genetic interaction of genes such as clu and park with tumor suppressor gene lgl results 
in a rescue that is more than just a competition of excessive cell death and excessive cell 
growth. Deletion of clu caused relocalization of cell fate determinants that was 
mislocalized in lgl mutants, indicating that there is a closer relationship between genes 
that caused neurodegeneration and genes that caused tumors and cancer than just 
mere competition of cell death and cell proliferation.  
Both neurodegeneration and cancer were also indeterminately linked to stem cell 
divisions where neurodegeneration is the inability of the stem cells to generate enough 
differentiated progenies while cancer is the excessive production of differentiated and 
undifferentiated cells by the stem cells. More in-depth studies in the links between 
genes involved in neurodegeneration, genes involved in cancer and their individual link 
to stem cells and asymmetric cell division is required before we know how we can 
reconcile these three distinct areas together. This may then shed light to the interplay 
between the genes involved and potentially provide therapeutic targets for both 
neurodegenerative diseases and cancer.  
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Potential novel target for cancer therapy 
The notion of cancer stem cells was coined when various groups of researchers discover 
that tumors generally consist of two populations of cells, one which is non-tumorigenic 
and the other which is tumorigenic and is capable of forming tumors in vivo (Al-Hajj et 
al., 2003; Singh et al., 2004). This indicates that there are two separate population of 
cells in a tumor, one population which closely resembles differentiated cells and do not 
possess the ability to form tumors when cultured in vivo. The other population, however, 
closely resembles stem cells and could generate both populations of tumorigenic and 
non-tumorigenic cells again when cultured in vivo. These cells, termed as tumor 
initiating cells or cancer stem cells, are suspected to be resistant to many forms of 
cancer treatment, and may be the root cause of cancer relapse and metastasis in many 
cancer patients (Florian et al., 2011). While it is unclear if mis-regulation of asymmetric 
cell division is involved in these tumor initiating cells and tumorigenesis, parallel 
comparisons drawn between tumors form in both Drosophila and mice due to loss of 
function in genes involved in asymmetric cell division like Numb, Lgl and Pros have lead 
us to suspect that these tumor initiating cells have defective asymmetric cell division 
(Agrawal et al., 1995; Klezovitch et al., 2004; Bello et al., 2006; Wang et al., 2006). 
Most cancer treatment available now mainly targets the differentiated, non-tumorigenic 
cells that are non-proliferative while tumor initiating cells are resistant to them 
(Harrison and Lerner, 1991), and we are in need of designing drugs or therapies that are 
more directed at these tumorigenic cells.  Clu may be a potential target for drugs and 
therapeutics design to target tumor initiating cells and suppress their tumorigenesis 
process.  As presented in this study, loss of Drosophila clu would rescue the mis-
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regulation of asymmetric cell division caused by loss of tumor suppressor gene, lgl, and 
this effect is specifically targeted at the neural stem cells. Hence, further studies and 
characterization could be done to the human homolog of clu, human CLU (KIAA0664) to 
determine if there is parallel similarities and function between Drosophila clu and 
human CLU, especially if it is also involved in the asymmetric cell division of any type 
cancer stem cells. Human CLU may well be a potent target for therapeutics agent to 
target tumor initiating cells and impede or inhibit their stem cell like proliferative 
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